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PREFACE
This dissertation is composed of five chapters. The first is an introduction to the 
subject matter and discusses the motivation for the research project. The second chapter 
is a comprehensive literature search on fundamental studies of chlorinated hydrocarbon 
combustion.
The third chapter is a description of the experimental facility. It contains a paper 
submitted to Review of Scientific Instruments that describes one section of the 
experimental facility.
The fourth chapter is composed of two papers that will be submitted to 
Combustion Science and Technology. These papers contain the experimental data and 
associated discussion. The chapter ends with a discussion of the net reaction rate 
analyses performed on the experimental data.
Chapter five is a summary, containing conclusions and recommendations. This is 
followed by a comprehensive list of the references used. The four appendices follow the 
references. Appendix I describes the procedure used for net reaction rate analysis. Ap­
pendix II describes the algorithm utilized for calculating gas temperature in the flame 
from measured bead temperatures. Appendix III is a listing of the molecular transport 
parameters used to calculate transport properties. The molecular transport properties are 
used in the procedures in Appendices I and n. The fourth appendix is a discussion of the 
problems encountered in the net reaction rate analysis of Flame 4.
The figures and tables accompanying the three journal articles are grouped at the 
end of each paper, according to the journal's publication guidelines. Figures and tables 
appearing elsewhere in the dissertation are integrated into the text.
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ABSTRACT
Stable species concentration and temperature profiles are provided for a series of 
five CCl4 /CH4/air flames studied on a flat flame burner at atmospheric pressure. A de­
tailed description of the facility used to collect this data is given. This system includes a 
novel flue gas collection and treatment system. A new gas chromatographic technique 
used to analyze subatmospheric gas samples is described in detail. This technique utilizes 
gas syringes for sampling of selected C l and C2  hydrocarbons and chlorinated 
hydrocarbons, as well as fixed gases. Stable species are sampled with aerodynamically 
cooled quartz microprobes. Temperature measurements are taken with uncoated 0.02 cm 
type R thermocouple beads.
The first three flames comprise a study of the variation of equivalence ratio ((f)) at 
constant atomic chlorine to hydrogen ratio (Cl/H), (<f> = 0.76, 1.02, and 1.17 at Cl/H = 
0.3). The first, fourth, and fifth flames comprise a study of the variation of the CI/H ratio 
at constant equivalence ratio (Cl/H = 0.073, 0.34, and 0.61 at <f) = 1). Net reaction rate 
profiles were generated for each flame for CH4  and CCI4 .
A mass destruction and removal efficiency (DRE) of near 99.99% was achieved in 
all five flames. Two types of stable intermediates were observed in several of the flames. 
Chloroform was seen as the most likely candidate product of incomplete combustion 
(PIC). No candidate PICs were observed in a fuel rich flame.
The increasing importance of recombination reactions to form C2  molecules is 
observed as the Cl/H ratio increases. Saturated hydrocarbons are observed to decrease in 
stability as the Cl/H increases.
A correlation is observed between peak net reaction rate and the overall level of 
destruction for CH4  and CCI4 . For a constant Cl/H ratio, the fuel rich flame has the 
highest peak reaction rate for CCI4 . The highest peak reaction rate for CCI4  among the 
five flames occurs in the flame with the highest CI/H ratio.
An increasing time delay between CO formation and CO2  formation was ob­
served as the Cl/H ratio increased. This was due to the chlorine inhibition of CO oxida-
CHAPTER I INTRODUCTION
BACKGROUND
The protection of human health and the environment, by properly addressing the 
hazardous waste problem, is a central theme of recent times. It is abundantly evident that 
proper measures have not been taken in the past. Contaminated aquifers such as the one 
in Hardeman County, Tennessee (Harris, et a i, 1984), and polluted neighborhoods such 
as the Love Canal (Paigen, et a i, 1985) show that society has not always properly 
managed hazardous wastes.
A key factor in the hazardous waste issue is the amount generated. In 1983 nearly 
260 million metric tons of hazardous materials were managed in the United States (Sweet, 
et a i, 1985). The United States Environmental Protection Agency (USEPA) estimates 
that 2859 million gallons of solvent waste are land disposed yearly in the U.S. (51 Federal 
Register 40610-40611). Managing this quantity of hazardous waste in an 
environmentally safe manner presents an enormous challenge.
The options for the safe management of waste are myriad. They generally, how­
ever, fall into three basic classes: stoppage, recycling, and disposal. Stoppage is 
preventing production of the waste. Recycling is the processing of waste such that part or 
all of it may be reused. Disposal is either converting/concentrating the waste, storing it, 
or some combination of the two.
Stopping the waste at the source and recycling represent the two best options, but 
they cannot solve the hazardous waste problem in the near term. Disposal, therefore, 
plays the major role in current hazardous waste management practice. The options for 
disposal are also numerous. The two basic classes are conversion/concentration and
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storage. Storage options include waste piles, disposal pits, landfills, and deep injection 
wells. Conversion/concentration options include carbon absorption, air or steam 
stripping, biological treatment, chemical treatment, thermal destruction (incineration or 
plasma pyrolysis) and wet air oxidation. Some of these methods leave a residue that must 
be placed in a storage facility.
The USEPA has initiated the process of eliminating storage of hazardous wastes. 
The Agency is moving toward allowing storage only of non-toxic or non-leachable 
wastes. This process has started with the "land ban" rules promulgated in the Federal 
Register (51 FR 40572-40654). These rules, which effectively eliminate the storage 
option, are placing great demand on the conversion/concentration options.
Incineration is one of the most widely applicable of these options. Oppelt (1987) 
lists six classes of liquid and seven classes of solid wastes that can be incinerated. He 
shows that in 1983, 265 million metric tons (MMT) of hazardous wastes were generated, 
and 62.6 MMT of those were treatable by incineration. Incineration is a proven tech­
nology in widespread use. It has become the option of choice for the disposal of an 
increasing percentage of all waste managed. This study will focus on the incineration 
option, and a discussion of the regulations applicable to incineration will be provided.
CURRENT INCINERATION REGULATIONS
Incinerators, boilers, and industrial burners that process hazardous waste (except 
those that bum only Polychlorinated Biphenyls) are regulated under the Code of Federal 
Regulations (CFR), Title 40. Two distinct groups are listed. The first group consists of 
boilers and industrial furnaces that fire hazardous waste containing fuels in order to utilize 
the energy contained in those fuels. Their main purpose is energy recovery, not waste 
destruction. They are regulated under subpart D of section 266 of chapter 40. This group 
is not required to meet any permitting or operating performance standards. Regulations
on this group have recently been proposed, however, and are discussed at the end of this 
section.
The second group is composed of incinerators, boilers and industrial burners firing 
hazardous waste for the main purpose of waste destruction. The USEPA has also 
included cement kilns firing hazardous waste that are located in municipalities of 500,000 
or more residents and non-industrial boilers firing hazardous waste for any purpose under 
this heading. These devices will all be referred to as incinerators in the following dis­
cussion. These devices are all regulated under subpart O of section 264 of chapter 40.
Subpart O of section 264 mandates that a permit must be obtained before opera­
tion of an incinerator begins, and that certain operating standards then be met. Normally, 
a trial bum is required to obtain a permit. The procedure for a trial bum follows.
A characterization of the hazardous components and the quantity of each 
component present in the feed is made. Based on the relative amounts and the thermal 
stability of each waste, one or more principal organic hazardous constituents (POHCs) are 
chosen. These will normally be difficult to destroy compounds present in relatively large 
quantities in the waste stream. These POHCs function as surrogates for the rest of the 
waste stream. If they are destroyed, it is assumed that all other components will also be 
destroyed. The process of choosing POHCs for a trial bum is not trivial, and the USEPA 
has invested considerable effort into constructing a ranking scale based on the thermal 
stability of each compound in the waste stream to aid in this process. Next, a trial burn of 
the incinerator is conducted, in which the chosen POHCs are fed to the incinerator, and 
the mass flow rates of each POHC into and out of the incinerator are measured.
Three performance standards must be met during this trial bum. The destruction 
and removal efficiency (DRE) of the incinerator must be at least 99.99% for each 
specified POHC. The DRE is defined as:
DRE = ™ ^ X 1 0 0 %  Wm
Win = niass of one POHC in feed 
Wout = mass of one POHC in flue gas.
For tetra, penta, and hexachlorodibenzo-p-dioxins (dioxins) and tetra, penta and 
hexachlorodibenzofurans (furans), the DRE must be at least 99.9999% for each POHC. 
The second performance standard is for waste streams containing chlorinated compounds. 
In this case, emissions of hydrochloric acid (HC1) must be no greater than the larger of 
1.8 kg/hr or 1% of the HC1 formed. The third standard requires particulate emissions to 
be less than 180 mg per dry standard cubic meter, corrected by the following:
PC = Pm X 2 p y  (1-2)
Pc = corrected particulate concentration 
Pm = measured particulate concentration 
Y = percent oxygen (02) in the stack gas.
The operating conditions of the incinerator are varied during the trial' burn to de­
termine an operating envelope in which all thiee performance standards are met. The 
minimum and maximum values of these parameters then constitute the legal limits of 
operation of the incinerator. This concludes the trial burn procedure, and a permit is then 
issued. Once permitted, the incinerator must meet the operating standards.
The operating standards consist of five parts. The incinerator must stay within the 
permitted limits of waste feed composition, waste feed rate, carbon monoxide (CO) con­
centration in the stack gas, combustion temperature, combustion gas velocity, and varia­
tions in operating procedures and system design. Waste feed is not permitted during start 
up or shut down procedures unless the above operating conditions are all being met. 
Fugitive emissions must be controlled by either sealing the combustion chamber, 
operating it at subatmospheric pressure or by some equivalent means. The incinerator 
must be equipped with an automatic waste feed cutoff system that will automatically 
interrupt the waste feed if any of the operating parameters fails to meet the prescribed 
limits. Finally, a monitoring and inspection program must be set up which includes the 
following items as a minimum: continuous monitoring of the combustion temperature, 
waste feed rate, combustion gas velocity, and stack CO concentration; daily physical 
inspection of the facility; and monthly testing of the emergency waste feed cutoff system 
and associated alarms.
It should be stressed here that other hazardous emissions can occur as a direct 
result of the waste decomposition process. Products of incomplete combustion (PICs) are 
hazardous components that exit an incinerator and are present in quantities below 100 
parts per million (ppm) in the waste feed. Considerable controversy about PICs is 
ongoing, and they are not currently regulated by Federal law.
Incinerators, boilers and industrial furnaces that bum only Polychlorinated 
Biphenyls (PCBs) are regulated by Title 40, Chapter 1, section 761.70 of the CFR. Those 
devices that bum combination wastes must meet the more stringent of the two standards 
(section 761 or 264). Section 761.70 splits PCB waste into two classes: liquids and non­
liquids.
Liquid PCBs have nine standards that must be followed.
1) The waste must maintain either a residence time of 2 seconds at a temperature 
of 1200 C, with 3% excess 02  present in the stack, or a 1.5 second residence time at 1600 
C, with 2% excess O2  in the stack. Each of the parameters given is a minimum,
2) A eombustion efficiency of at least 99.9% must be maintained. Concentration 
measurements are obtained at the stack.
Combustion Efficiency = [cq j ~+ [CO2 ] d-3)
[CO] = molar concentration of CO
[CO2 ] = molar concentration of carbon dioxide (CO2 )
3) The rate and quantity of PCBs fed to the incinerator must be measured and 
recorded in intervals of no longer than 15 minutes.
4) The temperature inside the incinerator must be measured and recorded con­
tinuously.
5) The flow of PCBs to the incinerator must automatically stop if the temperature 
drops below the specification in standard 1.
6 ) When the unit is first started up, monitoring of the stack gas must be conducted 
for: 02 , CO, CO2 , oxides of nitrogen (N0X), HC1, total chlorinated organic content 
(RC1), PCBs, and total particulate matter.
7) During PCB incineration, continuous monitoring must be conducted for O2 
and CO, and periodic monitoring for C02-
8) Automatic shutoff of the PCB flow to the incinerator must occur if any of the 
following conditions occur:
i) failure of the monitoring operations in standard 7
ii) failure of PCB flow monitoring
iii) excess 0 2  levels in stack drop below their specified limits
9) Water scrubbers or an approved alternative shall be used to treat the flue gases 
during PCB incineration.
Non-liquid PCB burning devices must meet the following standards.
1) The DRE must be at least 99.9999% for the total PCB waste feed.
2) The unit must comply with standards 2, 3, 4, 6, 7, 8i, 8ii, and 9 of the liquid 
PCB incineration regulations.
The proposed regulations on industrial boilers and furnaces that fire non-PCB 
hazardous wastes appeared in the May 6, 1987 Federal Register (52 FR 16982-17050). 
The proposed rules would subject these devices to performance standards similar to those 
required under section 264, and would require trial burns except in certain cases. The 
performance standards call for a 99.99% DRE on each POHC, and limits on CO, toxic 
metal, and HC1 emissions. The limit on CO emissions is to ensure high combustion 
efficiency, thereby minimizing the emissions of incompletely burned organic compounds.
The complexity of the regulations demonstrates the limited understanding of haz­
ardous waste incineration currently available. The following section will pinpoint the 
most deficient area of understanding.
FOCUS OF STUDY
As stated before, incineration is applicable to a large variety of wastes. It is also a 
proven technology in widespread use. However, it is expensive and it is controversial due 
to questions from the public about its safety. More fundamental knowledge about 
incineration may answer these questions.
The complexity of the typical operating incinerator makes its analysis difficult. 
Turbulence, bed devolatization and bumup, atomization, radiation and convection heat 
transfer, vaporization, gas-phase kinetics and a non-symmetrical three-dimensional 
geometry are included in the complexities that must be addressed. If all these features
8can be accurately modeled, an overall predictive capability for the incinerator might be 
realized.
This study will deal only with gas-phase kinetics, which are one of the least well 
understood parts of the incineration picture. Since the combustion chemistry ac­
complishes the task of converting the waste into less harmful products, it seems prudent 
to focus on this area. A greater understanding of gas-phase kinetics is the most critical 
item needed in predicting incinerator performance. Such an understanding may con­
tribute toward more widespread utilization of incineration as a waste control strategy.
The term gas-phase kinetics refers to the actual chemical reactions occurring 
within the incinerator. It comprises the reaction mechanism that completely describes the 
chemical processes occurring in the gas phase. This complete mechanism may involve 
several hundred elementary reactions and several dozen chemical species. In order to 
model this mechanism, each reaction rate equation must be written and each reaction rate 
coefficient must be defined as a function of temperature. The mechanism can then be 
used as a subset in an incinerator model. If the temperature and flow field are described 
everywhere, the model will predict complete concentration maps for each species. 
However, the set of differential equations that describe the rate of each reaction is "stiff, 
meaning that very small time (distance) steps must be taken to ensure convergence. This 
makes the computational time (and expense) very large.
Due to the costs associated with the use of full reaction mechanisms, recent 
modeling efforts on incinerators have resorted to the use of simple models. The simplest 
kinetic models are called global models and they involve a description of an overall 
reaction with a single expression. Such a model for carbon tetrachloride (CCI4 ) 
destruction might look like Equation 1-4. It is an empirical model fitted to experimental 
data.
d[CCl4]
dt -  -k[CCl4]a [02]b (1-4)
The reaction rate coefficient k is dependent on temperature. A typical form of that 
dependence is the Arrhenius expression:
The pre-exponential factor A, the apparant activation energy E, and the reactant 
orders a and b are all fitted constants. R is the universal gas constant. If an Arrhenius 
expression is assumed, only measurements from one combusting mixture are needed to 
obtain the fitted constants. If no particular temperature dependence is assumed for the 
reaction rate coefficient, measurements from two combusting mixtures of differing 
proportions must be used. This type of global model has been used by Clark, et al. (1984) 
and Wolbach and Garman (1984) in modeling pilot scale incinerators. These are 
discussed later, but it bears mentioning here that their modeling efforts were not generally 
successful for predicting concentration profiles of various wastes, even though the model 
was very successful for temperature and flow field predictions. The main reason for this 
failure is the use of a simple global model to describe a very complex reaction scheme, 
underscoring the criticality of a fundamental understanding of the reaction kinetics. A 
simple global model neglects the very important contributions of radicals and the chain 
reactions in which they participate.
For flame work, the reactions involving free radicals are especially important. 
The difference between combustion conditions with and without a flame is veiy 
important. Hence, global kinetic models are divided into two categories: flame mode and 
non-flame mode. Flame mode destruction occurs at a high temperature and will involve a
k = Aexp(-E/RT) (1-5)
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sizable radical pool. This is usually evidenced by chemiluminescence. Non-flame mode 
destruction will usually lack one or both of these features.
Even though global models are segregated by the type of environment they occur 
in, global flame mode models will usually fail because the effect of radicals is not taken 
fully into account. This leads to the next type of kinetic model, which falls between the 
complete reaction mechanism and the global model in complexity. These models are 
classified as semi-global models.
Semi-global models involve breaking the process of waste decomposition into 
several steps, identifying the important reactions within those steps, and then modeling 
their rates. The package of reactions produced can then be used in conjunction with heat 
transfer and flow models to predict concentration profiles in an incinerator. The basic 
guidelines for developing a semi-global model are given in Fristrom and Westenberg 
(1965).
A general example of a semi-global model is difficult to describe, but a model that 
applies specifically to this research effort is partially outlined. The first step is breaking 
the overall reaction into a series of steps. Steps applicable to CCI4  combustion might be: 
disappearance of CCI4 , formation of intermediates, disappearance of CO, formation of 
final products, and disappearance of intermediates other than CO. Obviously, if only a 
DRE model is needed, then only the first step need be considered.
Each step is then analyzed for important reactions. These are listed, and then rate 
expressions are written for each reaction. If the reaction is an elementary reaction 
(reversible) then the order assigned to each reactant is given by the law of mass action. If 
the reaction is not elementary, an empirical expression must be used. Reaction rate 
coefficients must then be calculated for each reaction. If compounds whose 
concentrations have already been measured appear in the rate expressions, establishment 
of rate coefficients is straightforward. However, if compounds appear whose 
concentrations are unknown (radicals) then their concentrations must be estimated in
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order to establish a rate coefficient. Those same methods of estimating radical 
concentrations must be included with the semi-global model.
There are many methods available to estimate the needed radical concentrations. 
The method of partial equilibrium is often used. Here, fast reactions are considered in 
equilibrium with each other, even though the slow reactions have not yet reached equi­
librium. The steady state method can also be used, wherein the concentration of each 
radical is assumed constant throughout the region of interest.
The completed semi-global model, therefore, consists of a series of reactions and 
some methods for establishing needed radical concentrations. This technique will yield 
much better predictive results than a global model, while avoiding the computational time 
and expense required to develop a complete reaction mechanism. Such a model can also 
be expanded to include as many features of the combustion process as desired.
CHOICE OF WASTE TO STUDY
The waste streams input to incinerators are often a mix of streams and, therefore, 
are not easy to classify. However, the emissions from incinerators have a pattern. Of the 
nine most frequently observed stack emission compounds listed by Oppelt (1987), seven 
are chlorinated hydrocarbons (CHCs). This is significant in light of the fact that halo- 
genated solvents do not comprise a majority of the waste streams fed to incinerators. 
Halogenated solvents are not even among the top five waste streams listed by Oppelt. 
This indicates that the DRE for CHC destruction may not be as high as for other 
compounds. Therefore, further study of CHC destruction is warranted.
Of the seven CHCs most frequently seen as stack emissions, three are chlorinated 
methanes. This fact, plus the knowledge that methanes are the simplest hydrocarbons and 
the most likely to have tractable chemistry, led to the decision to study the chlorinated 
methane family.
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The chlorinated methane family consists of methyl chloride (CH3 CI), dichloro- 
methane (CH2 CI2 ), chloroform (CHCI3 ) and carbon tetrachloride (CCI4 ). Dichlorome- 
thane is used as a solvent and as an aerosol propellant. Carbon tetrachloride is also a 
widely used solvent and is an intermediate in the production of chlorofluorohydrocarbons. 
As such, both of these are produced in large quantities. A systematic study on the 
combustion characteristics of CH2 CI2 , and to a lesser extent, CH3CI was performed by 
Senser (1985) and Jang (1984). No such study has been performed on CCI4 , as the liter­
ature review will demonstrate. Therefore CCI4  was chosen as the compound of interest 
for this study.
CHAPTER n  SURVEY OF LITERATURE
A considerable body of information has accumulated in the scientific literature 
dealing with fundamental studies of chlorinated hydrocarbon combustion. Interest in 
chlorinated hydrocarbon combustion first arose because of the flame inhibiting qualities 
of chlorinated hydrocarbons. Later studies have been motivated by the desire to under­
stand the combustion characteristics of chlorinated hydrocarbon flames as they relate to 
incineration. This survey will focus on research directed at understanding the chemical 
kinetics associated with the combustion of chlorinated hydrocarbons. There are five basic 
categories associated with this research: flame inhibition studies, flame studies, non-flame 
studies, modeling efforts, and scale-up studies.
The literature surveys by Senser (1985) and Senser, et al. (1987) were used exten­
sively in assembling this survey. The latter survey was directed only towards experi­
mental laboratory studies, while the former was a comprehensive survey covering full 
scale incineration studies, laboratory scale studies, and modeling efforts.
FLAME INHIBITION STUDIES
The inhibition research arose because of the interest in using CHCs as fire ex­
tinguishing and fireproofing agents. Gamer, et al. (1957) studied the effectiveness of 
seven compounds as burning velocity reducers, and as sooting augmentors. Burning ve­
locities were measured for premixed propane (C3H8)-air nozzle flames seeded with HC1 
and all four chlorinated methanes. Burning velocity decreased with both added inhibitor 
and with increasing number of chlorines per molecule. The effectiveness of inhibition 
was HC1 < CH3 CI < CH2 CI2  < CHCI3 < CCI4 . Non-premixed heptane (C7 H i6 )-air 
flames and cyclohexane (C6H i2 )-air flames were seeded with the same compounds to 
determine sooting yields. Sooting levels increased with increasing amounts of inhibitor,
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and with increasing number of chlorine atoms per molecule. Therefore, the number of Cl 
atoms was identified as an important parameter for soot production and flame inhibition.
Palmer and Seery (1960) measured burning velocities for CO-hydrogen (H2 ) 
flames burned in dry and moist atmospheres, with varying amounts of chlorine (Cl2 ) 
added. Burning velocity dropped with increasing CI2  concentration and decreasing H2  
concentration. HC1 attack on hydroxyl (OH) radicals is postulated as perhaps the prime 
inhibiting reaction. A decrease in OH radicals brought on by direct attack from Cl radi­
cals on OH, or by attack on H atoms, is thought to be responsible for the inhibition effect. 
When the concentration of OH radicals drops, the "wet" route for CO oxidation becomes 
less feasible and the slower "dry" route must be taken.
The dry route does not involve OH radicals. It is a direct attack of O2  on CO. 
Whether such a reaction can actually occur, at high enough rates to be significant is a 
subject of no small controversy. A study by Wires, et al., (1959) shows that very dry 
mixtures (^ 10 ppm H2 ) of CO and O2  have exceedingly low flame velocities ( 3 - 8  
cm/sec) and some mixtures cannot be made to ignite at all. This leads one to postulate 
that, in chlorine inhibited flames, the rate of CO oxidation is indeed lower, but the reac­
tions are still mostly occurring through the "wet" route.
This theory is reinforced by Brokaw (1967). He notes that as little as 20 ppm of 
water vapor can dominate the CO oxidation rate in a CO - O2  flame. Very nearly all the 
hydrogen radicals would have to be bound up in the chlorine inhibition cycle in order to 
reduce their level to such an extent in a chlorinated flame. Therefore, the "dry" CO oxi­
dation route can be expected to play a very limited role.
Drozdov and Zeldovich (1943) studied the inhibiting effects of CCI4  on CO 
flames. For wet mixtures of CO and O2 , burning velocities range from 100 cm/s with no 
CCI4  added, to 4 cm/s with 5% CCI4  added. They also studied the flame extinction lim­
its of CO - O2  flames inhibited with CCI4 .
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An overlay by Palmer and Seery of the CCI4  inhibited CO-O2  flames studied by 
Drozdov and Zeldovich (1943) shows that two CI2  molecules seem to have the same ef­
fect as one CCI4  molecule. This is significant since it indicates that total chlorine con­
tent, not molecule type, is an important controlling factor.
Wilson, et al. (1969) present species profiles and net reaction rate profiles for low 
pressure CH4 -O2  flat flames seeded with CI2  and HC1. They found that the major effect 
of the inhibitors is interference with the chain branching reaction
H + 0 2  = OH + O (RII-1)
in the early part of the reaction zone. The addition of inhibitors shifts the peak net fuel 
reaction rates to a later region of the flame, where they occur at a higher temperature. 
Therefore, maximum net reaction rates are higher and the reaction zone is thinner.
Morrison and Scheller (1972) studied the effects of twenty common inhibitors on 
the ignition temperature of CH4 -O2 -N2  and C3Hg-0 2 -nitrogen (N2 ) mixtures, using a 
hot wire ignition technique. CCI4  lowered the ignition temperature almost linearly with 
increasing CCI4  loading. CI2  addition caused no change in ignition temperature until 4% 
loading was reached, at which time a dramatic decrease in ignition temperature was 
noted. CH3 CI caused a slight rise in ignition temperature, increasing with inhibitor 
loading. The authors concluded that methyl halides inhibit ignition by removing H and 
OH radicals, thus slowing the chain branching reactions. It appears that H atom removal 
is easier than OH radical removal.
FLAME STUDIES
More recent experimental work has focused in two areas: flame and non-flame 
studies. Kaesche-Krischer (1962, 1963) has studied oxygen enriched trichloroethylene
16
(C2HCI3 ), CH3CI, CH2 CI2 , CHCI3 , CC14, and tetrachloroethylene (C2 CI4 ) flames on a 
bunsen type burner. Burning velocities were measured using Schlieren techniques. For 
C2 HCI3 flames, a distinct two-stage flame was observed, and the distance between the 
flame fronts increased with decreasing O2  content in the mixture. Burning velocity in­
creased with increasing O2  content, and the position of the maximum flame speed shifted 
toward fuel lean conditions as O2  content increased. CO and chlorine oxide (CI2 O) were 
hypothesized as possible products of the first flame front. For CH3 CI and CH2 CI2 
flames, burning velocities exhibited the same trend as for C2 HCI3 . No velocities were 
reported for CHCI3 and C2 CI4 , and no CCI4  flames could be stabilized at reasonable 
pressures, even in an 0 2  environment.
Henderson and Hill (1956) report a flame speed of 10.9 cm/sec for CH3 CI in air 
using an open horizontal tube technique. They establish the lower flammability limit at 
9.7% fuel. Chlorine inhibition is seen as the reason for the dramatic decrease in burning 
velocity from CH4  (40 cm/sec) to CH3CI.
Bose and Senkan (1983) studied oxygen enriched C2 HCI3 flat flames. They 
noted two distinct flame fronts and postulated a partial conversion of C2 HCI3 to CO, 
HC1, and CI2  in the first flame front, followed by the HC1 and CI2  inhibited conversion of 
CO to C02 in the second flame front. HC1, CO2 , and Cl2  were postulated as the final 
combustion products.
Senkan, et al. (1983) reported the sooting limits for chlorinated hydrocarbon- 
methane-air mixtures as critical equivalence ratios and critical O to C ratios. (The 
equivalence ratio is the experimental fuel to oxygen ratio divided by the stoichiometric 
fuel to oxidizer ratio.) They define a molar ratio (R value) of CHC to methane which 
correlated well with critical equivalence ratio for a given compound. However, this cor­
relation did not extend from one compound to another, even within a CHC family.
Gupta and Valerius (1984), Valerius (1982), and Valerius, et al. (1984) reported 
the laminar flame velocities of various chlorinated hydrocarbons, using a bunsen burner
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technique. The compounds studied included all four chlorinated methanes, plus C2 HCI3 , 
and chlorobenzene (C6H5 CI). Laminar flame speeds dropped with increasing chlorina­
tion, whether from increased R value or from increasing chlorine atoms per molecule. 
Also, as the Cl/H ratio increased, the position of maximum flame speed shifted from fuel 
rich to fuel lean.
Chang, etal. (1985,1986) present detailed species profiles for oxygen enriched 
C2 HCI3 flames, including radicals and non-stable intermediate species. These were ob­
tained using a molecular beam mass spectrometer. The profiles of several species were 
fitted to equations to give a semi-quantitative measure of their persistence. On the basis 
of these "decay parameters", C2CI4  and hexachlorobenzene (C6C16) were recommended 
for possible performance monitoring to determine the extent of C2HCI3 destruction dur­
ing incineration.
Karra and Senkan (1987, 1987a) report on the combustion of CH4/0 2 /Ar and 
CH3 Cl/CH4/0 2 /Ar mixtures under sooting conditions. The equivalence Tatios are 2.05 
and 2.00 respectively. Stable species and temperature profiles are provided, along with 
calculated H2 O, H2  and HC1 profiles.
No CHCI3 breakthrough from the flame zone was observed, but considerable 
CH4  breakthrough was observed in both flames. The easy destruction of CH3 CI in this 
study seems to contradict the earlier study of Miller, etal. (1984) who observed CH3CI 
breakthrough in slightly fuel rich systems on a flat flame burner. Karra and Senkan at­
tribute this to possible flame-probe interactions in the Miller study. However, given the 
importance of the reaction:
H + CH3CI = CH3 + HC1 (RII-2)
in a system containing CH4 , the complete and early destruction of CH3 CI in a very fuel 
rich system is not surprising. Methyl chloride does have a low strength C-CI bond, which
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may make it easier to destroy. Benson (1976) gives the following bond strengths: H- 
CH3 = 104 kcal/mol, while CI-CH3 = 83.5 kcal/mol.
The chlorinated flame had a CO profile that both appeared earlier and attained a 
greater concentration. This was attributed to the combined effects of chlorine inhibition 
of the "wet" CO oxidation route and interference by C2  hydrocarbons. The authors state 
that formation of C2  hydrocarbons is enhanced by the presence of chlorine. Ethane 
consumption is even more enhanced by the presence of chlorine, so peak C2Hg concen­
tration is lower in the chlorinated flame. Ethylene formation and destruction are both en­
hanced by the presence of chlorine, so peak C2 H4  concentration does not change. The 
destruction of acetylene is not enhanced by chlorine, so it peaks much higher in the chlo­
rinated flame.
Miller, et al. (1984) have also studied CH3 CI flat flames in air, with and without 
the addition of CH4 . They report stable species and temperature profiles. They conclude 
that C2 H4  and C2 H6  consumption is enhanced by the presence of chlorine-containing 
compounds, while C2H2  consumption is unaffected. This leads to the buildup of C2H2 , 
which as a suspected soot precursor, may be responsible for the sooting tendencies of 
chlorinated hydrocarbon flames.
The group at Louisiana State University (LSU) headed by Cundy has performed 
extensive studies on various chlorinated methanes using a flat flame burner. Species and 
temperature profiles were presented for several CH3Cl/CH4/air flat flames in Senser and 
Cundy (1984), Jang (1984), and Cundy, etal. (1983).
The next compound this group studied was CH2 CI2 . Species and temperature 
profiles for a number of CH2 Cl2 /CH4 /air flames are presented in Cundy and Senser 
(1984), Senser (1985), and Senser and Cundy (1986,1987). Agreement with the conclu­
sions of Miller, et al. (1984) was noted, and no two stage combustion phenomena were 
observed. Senser, et al. (1987) present temperature and species profiles for three 
CH2 Cl2/CH4/air flat flames. Equivalence ratio is maintained at 0.80, and Cl/H is varied
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from 0.06 to 0.33 to 0,72. It is noted that as CI/H increases, methyl type radical recombi­
nation reactions become more important, and hence, C2  chemistry plays a larger role. 
Also, as the Cl/H Tatio increases, increased rates of H abstraction favor the stability of 
heavily chlorinated species, since they contain fewer H atoms. Two distinct types of sta­
ble intermediate behavior are observed: those that peak early and decompose rapidly and 
completely, and those that peak late and decompose slowly and possibly persist into the 
post-flame zone. CHCI3 was the most stable of the latter type compound. Finally, ki­
netic limitations were concluded to be responsible for the presence of stable intermediates 
in the post flame region.
In the course of the LSU CH2 CI2  combustion study, a number of observations 
that pertain to waste incineration in general were noted. These are summarized in Cundy, 
et al. (1986). It was observed that high DREs can be reached in millisecond flame zone 
residence times if the waste is vaporized and intimately mixed with the support fuel and 
oxidizer before reaching the combustion chamber. Some compounds are observed to 
decompose more effectively in a fuel-rich environment It is further noted that it is possi­
ble to exhibit very high CO levels and high DREs simultaneously.
The initial work of this group with CCI4  is reported in Senser and Cundy (1984). 
A single CCl4 /CH 4 /air flame is studied, and the identities of several intermediate 
combustion species are given.
A recent study in which this author participated involves the further study of CCI4  
flames. Cundy, et al. (1986a, 1987) present species and temperature profiles for a single 
CCl4 /CH4/air flame. These two papers present some of the completed portion of the 
work proposed in this document. The hypothesized major kinetic pathways for CH4  and 
CCI4  oxidation are given. It is observed that net CO oxidation does not initiate until the 
disappearance of chlorinated intermediate species. This seems to indicate that chlorinated 
radicals compete effectively for H atoms. It was also noted that CHCI3 and CCI4  per­
sisted past the flame zone.
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Vandell and Shadoff (1984) studied burning velocities and partial combustion 
products from chlorobenzene flames in air using H2  as a support fuel. Burning velocities 
were found to decrease as chlorine content increased. It was observed that burning 
velocities were dependent on the atomic ratios in the fuel, rather than the actual reactants 
used. A number of partial combustion products were observed, and their distribution 
seemed to be dependent on the atomic ratios in the fuels as well.
Kramlich, et al. (1985) report on results obtained when burning acrylonitrile 
(C3H3NO), benzene (CtiHg), C6H5 CI, and CHCI3 in two laboratory-scale reactors. One 
was a microspray flame reactor and the other was a turbulent flame reactor. Each reactor 
was found to be capable of quantitative waste destruction without an afterburner. Opti­
mal DRE corresponded to minimum CO and total unbumed hydrocarbons (THC). Four 
failure modes were investigated: high and low theoretical air, low flame temperature, 
poor atomization, and cold surface flame impingement. Each failure mode resulted in 
high CO and THC levels, leading to the hypothesis that CO and/or THC could be used as 
indirect continuous performance monitors for incinerators.
La Fond, et al. (1985) continued in this vein with a study in a liquid spray flame 
reactor. Number 2 fuel oil doped with C3H3NO, CgHg, C6H5 CI, or CHCI3 was fired 
under various failure modes: high or low excess air, cold surface quench, and poor at­
omization. They conclude that the turbulent spray flame reactor can achieve 99.99% 
DRE, without any air pollution control devices. A theoretical air loading of 140% pro­
duced the best results, but up to 260% was usually satisfactory. For each upset condition, 
movement of the combustion conditions away from the optimum was accompanied by a 
rise in CO and THC levels, and a drop in the DRE. An increase in CO was noted long 
before a drop in DRE occurred, and THC increased at the same time as the DRE dropped. 
The authors then suggest that incinerators should be "tuned" for lowest CO emissions. 
Once operating, CO should be monitored to warn of upcoming DRE deterioration, and 
THC to warn of imminent POHC breakthrough.
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Staley (1985) attempted a verification of the results of La Fond. She fired a 
turbulent spray reactor with heptane doped with two mole percent of C2 HCI3 , CCI4 , 
C2 CI4 , C6H5 CI, trichlorotriflouroethane(l,l,2 C2 CI3F3  or Freon 113). Five separate 
runs were made with one component each, and one run was made with a combination of 2 
mole percent each of Freon 113 and C6H5 CI. The fuel flow rate was held constant, while 
the air flow rate was varied to change the excess air levels. The flue gas was monitored 
for CO, CO2 , O2 , and THC. The DRE was always greater than 99.9% and greater than 
99.99% sixty three percent of the time. The CO results were not as clear cut as those ob­
tained by La Fond. For hard to destroy POHCs (those with the lowest DREs), CO levels 
rose without a drop in DRE, presumably giving results similar to La Fond. Also, the 
highest PIC and POHC emission levels occurred at the highest excess air levels. How­
ever, at low excess air levels, the DRE was greater than 99.99% and PIC emissions were 
low, but CO levels were high. Staley comments that "the correlation between CO and 
DRE is loose at best". It was further noted that flameout conditions did not seem to pro­
duce higher emissions than did high excess air levels. Finally, it was noted that the mix­
ture of POHCs seemed to behave in the same fashion as a single POHC. It appears that 
Staley's data do not actually contradict those of La Fond and Kramlich. Staley apparently 
did not change the excess air ratios enough to see the behavior of CO and the DRE that 
was noted in the other two studies.
Castaldini, etal. (1984) and Wolbach (1984) have studied the effects of changing 
operating parameters on the DRE of a pilot scale boiler. Three studies were performed: a 
baseline study firing distillate oil, a study with C6 H5 CI added, and a study with the fur­
ther addition of CCI4 , CHCI3 , CH2 CI2 , and dichloroethane (C2 H4 CI2 ). The operating 
parameters varied included excess air, flame swirl, firing rate, and waterwall area. Of 
these, waterwall area produced the greatest change in the DRE. The waterwall area en­
compasses the sections of the boiler where heat transfer to the steam takes place. This 
area is therefore much cooler than other sections of the boiler. The addition of 8% water-
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wall surface to a refractory lined combustor dropped the DRE by a factor of 100. This 
was attributed to the establishment of a 100 cm thick boundary layer on the walls, which 
occupied 40% of the volume of the combustion chamber. This would not be realistic in a 
industrial boiler, but it does point out the tremendous influence that cold surfaces can ex­
ert on the DRE of a unit. In contrast, changes in firing rate and flame swirl produced 
changes in the DRE that were negligible. An excess air loading of approximately 30% 
produced the highest DRE, while varying the excess air to 10% and up to 50% only 
dropped the DRE by a factor of 10.
It was noted during the Wolbach experiment that significant quantities of PICs 
were emitted, chiefly CH2 CI2 . A model developed for this study successfully predicted 
temperature profiles within 25°C, but could not predict the DRE within less than a factor 
of 100 .
NON-FLAME STUDIES
The non-flame experimental studies on chlorinated hydrocarbon combustion fall 
into two large classes: shock tube work and flow reactor work. Flow reactor studies 
comprised the earliest non-flame experimental work, and will be discussed first.
FLOW REACTOR STUDIES
How reactor studies can be broken into two classes: fundamental, kinetic oriented 
studies, and applied studies, usually used for ranking compounds by decomposition 
stability.
The earliest basic studies were performed in a flow reactor by Semeluk and 
Bernstein (1954,1957). They studied the decomposition of CHCI3 , and listed the major 
and minor products. A stoichiometry was proposed as:
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2CHCl3=C2Cl4+2HCl. (RII-3)
A five step mechanism was proposed, starting with C-Cl bond breakage. Rate 
constants were calculated, for each step.
Another basic study was performed by Jeong and Kaufman (1982) using a dis­
charge flow reactor. The reaction rates of the attack of OH on CH3 CI, CH2 Cl2 ,and 
CHCI3 were studied. Hydroxyl radical attack was fastest on CH2 CI2 , then CHCI3 , then 
CH3CI. Relative ratios were 3:2:1.
Bozzelli and Chuang (1982) studied the decomposition of CHCI3 in the presence 
of H2  or H2O and the decomposition of 1,1,2 C2 H3 CI3 in the presence of H2 . CHCI3 + 
H2  decomposes to CH2 CI2  to CH3 CI to CH4 , producing one HC1 each time. CHCI3  + 
H2 O proceeds to C2 CI4 , C2 HCI3 , and graphite. 1,1,2 C2 H3 CI3 + H2  decomposes via 
HC1 elimination. Unimolecular reactions are thought to initiate the decomposition of all 
mixtures.
Weissman and Benson (1984) studied the pyrolysis of CH3 CI in a flow reactor 
with and without CH4 , and with and without HC1. The presence of HC1 had little effect. 
CH3 CI by itself decomposes to C2 H6 , C2 H4 , and HC1. CH4  + CH3 CI decomposes to 
C2 H6 , C2 H4 , C2 H2 , soot, graphite, naphthalene (CloHs), and HC1. A complete reaction 
mechanism for CH3CI pyrolysis is presented, including formation of soot precursors.
Manning and Kurylo (1977) have studied three specific reactions involving Cl 
radical attack on molecules of interest:
Cl + CH4  = HC1 + CH3 
Cl + CH3CI = HC1 + CH2 CI 
Cl + C2 H6  = HC1 + C2 H5 .
(RIM)
(RII-5)
(RII-6)
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These were studied using a flash photolysis resonance fluorescence technique over 
a range of temperature appropriate for atmospheric chemistry, 200 - 300 K. Arrhenius 
parameters (A and E) for the reaction rate coefficients are calculated for these reactions. 
The reaction rate coefficients for C2H6  destruction were 1 - 2  orders of magnitude faster 
than those for CH3 CI destruction, which were in turn 1 - 2  orders of magnitude faster 
than those for CH4  destruction. The very high rates of C2H6  degradation by Cl atoms is 
in agreement with the conclusions that Karra and Senkan (1987,1987a) draw about C2H6 
stability in chlorinated flames. They state that C2 H6  degradation is enhanced by the 
presence of Cl atoms.
The authors feel that extension of the Arrhenius parameters for the reaction rate 
coefficient to other temperature ranges (i. e. flames) would be questionable, given the 
curvature in the plot of log of rate coefficient vs. inverse temperature.
In the area of applied flow reactor studies, the group at University of Dayton 
headed by Dellinger has done extensive work, as has the group under Lee at Union Car­
bide. This work has been performed in small-bore quartz tubes under precise temperature 
control.
Dellinger, et al. (1984) report on the thermal decomposition profiles of twenty 
compounds in a flowing air environment Residence times were from 1 to 6  seconds, and 
temperatures up to 850 C. Chlorinated hydrocarbons studied were CH2 CI2 , CHCI3 , 
CCI4 , C2 CI4 , hexachloroethane (C2 Clg), C6 H5 CI, di-, tri-, and tetrachlorobenzene 
(C6H4 CI2 , C6H3 CI3 , C6H2 CI4 ), and C6C16. The temperature necessary for 99% and 
99.99% destruction were found for a 2 second residence time. Activation energies and 
pre-exponential factors were calculated for an Arrhenius fit of the destruction rates.
Graham, et al. (1986) present results of the thermal decomposition of a mixture of 
CCI4 , Freon 113, C6 H5 CI, C2 HCI3 , all at 2.5 weight percent in toluene (C7 H8 ). This 
mixture was thermally decomposed under equivalence ratios of 0.06, 1 , and pyrolytic 
conditions. Experiments were all conducted at a residence time of 2 seconds. A thorough
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discussion of possible initiation reactions is also given, including bond breakage and 
radical attack.
Hall, et al. (1986) present the thermal decomposition results of a 12 component 
mixture. The chlorinated hydrocarbons in the mixture were CHCI3 , CH2 CI2 , C2 H3CI3 , 
C2 H4 CI2 , and CgHsCl. Temperatures were 650 and 775°C, O2  concentrations were 2.5 
and 10%, H2 O concentrations were 0 and 5%, and residence times were 0.5 and 2.0 sec­
onds. Acetonitrile (C2 H3N) and C6H5 CI were clearly the hardest compounds to destroy. 
A comparison of CO levels was also made. The result was that "CO concentration corre­
lates poorly with gas phase destruction efficiencies for this mixture of 12 organic com­
pounds".
A study by Taylor and Dellinger (1988) deals with the thermal degradation of all 
four chloromethanes and their mixtures, under near pyrolytic and very fuel lean condi­
tions (equivalence ratio = 0.05). Under both pyrolytic and oxidative conditions, chloro­
form (CHCI3 ) was the most fragile molecule, and methyl chloride (CH3CI) was the least 
fragile. Dichloromethane (CH2CI2 ) and CCI4  varied, depending on the temperature. All 
compounds were more easily destroyed under oxidative conditions. One interesting 
finding showed, that under oxidative conditions, the thermal stability of all compounds in 
a mixture is greater than the pure compound stabilities. This is attributed to the formation 
of waste molecules as stable intermediates during the destruction of other wastes. This 
paper also presents a large body of information concerning the initiation reactions and 
stable intermediate formation reactions. Under oxidative conditions, OH radicals are 
mostly responsible for initiation reactions, while Cl radicals precipitate pyrolytic condi­
tions.
This paper also contains information from Taylor, et al. (1987) concerning the 
relative reactivities of the chloromethanes with OH radicals. The relative reactivities 
were given as (starting with the most reactive):
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CHCI3  > CH2 CI2  > CH3CI > CCI4 .
Chlorofonn was observed as a very stable intermediate in the fuel lean (and therefore OH 
rich) flames of Senser (1985). It is therefore possible that OH attack is not the major de­
composition reaction for CHCI3 . Two other logical possibilities are H or Cl attack on 
CHCI3 .
Lee, et al. (1979) studied the destruction of four compounds, one of which was 
C2H3 CL First order destruction kinetics were observed, and pre-exponential factors and 
apparent activation energies for an Arrhenius expression were calculated.
Lee, et al. (1982) then studied the thermal decomposition of 23 compounds, in­
cluding C6H5CI, l,2C2H4Cl2, CH3CI, and C2 H3CI. Pre-exponential factor and apparent 
activation energy were calculated for an Arrhenius type destruction expression for each 
compound.
SHOCK TUBE STUDIES
Shock tube studies were performed by Zabel (1974) who studied the decomposi­
tion of C2 CI4  and C2 HCI3 behind reflected shock waves over a temperature range of 
1450 - 1900 K and a pressure of 2- 175 atm. Both compounds initiate decomposition 
with a C-Cl bond breakage. Unimolecular rate constants were calculated.
Zabel (1977) also studied the decomposition of vinyl chloride (C2 H3 CI) behind 
shock waves over a temperature range of 1350-1900 K. Elimination of HC1 is said to be 
the dominant initiating step until 1900 K. It is proposed that C-Cl bond fission will start 
to become competitive around 2400 K. The unimolecular decomposition reaction rate 
constant is calculated for this compound.
Yano (1977) studied the decomposition of CHCI3 in a single-pulse shock tube 
with and without the presence of deuterium (D2) or CH4  or deuterated methane (CD4 ), in 
a pyrolytic environment. CHCI3 was found to decompose to C2 CI4  and HCI, agreeing
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with the results of Semeluk and Bernstein. CHCI3 and D2  went to C2 CI4 , C2 HCI3 , 
CH2 CI2 , and HC1 (H is used for H or D atoms in the products). CH4  or CD4  + CHCI3 
went to C2 CI4 , C2 HCI3 , 1,1 dichloroethylene(l,lC2 H2 Cl2 ), C2 H3 CI, C2 H6 , and HC1. 
A study of the H isotopes revealed that the H in C2HCI3 came from CHCI3 , while the H 
in 1,1 C2 H2 CI2  came from CH4 . C2 H3 CI received H from both the CH4  and CHCI3 . 
However, a study involving QjHg and deuterated benzene (C6D6 ) in a shock tube re­
vealed that swapping of H and D atoms is relatively easy and care must be exercised here 
in drawing conclusions about the origin of H atoms in these products (Vaughn, 1980). 
Yano concluded that the initiation step in any circumstance is Cl atom elimination.
Kondo, et al. (1980) studied the decomposition of CH3 CI behind shock waves 
over a temperature range of 1680-2430 K. They found the initiating reaction to be C-Cl 
bond fission. High and low pressure limit rate constants were also calculated.
Miller, et al. (1984a) report the ignition delay times of 12 hydrocarbons (HC) and 
CHCs under oxidation conditions. The CHCs studied were: all four chlorinated 
methanes, l,2C2H4Cl2, 1,1,1 trichloroethane (1,1,1C2 H3C13), C2 HCI3 , and CgHsCl. 
From the ignition delay times, apparent activation energies and pre-exponential factors 
are calculated. It was also noted that the conversion of CO to CO2  was inhibited by the 
CHCs.
Frenklach, et al. (1986) report on studies of soot formation from chlorinated 
methanes, their mixtures with CH4 , and chlorinated ethylenes behind reflected shock 
waves. It was observed that CHCs produce more soot than their hydrocarbon analogues. 
This behavior can be explained in terms of chlorine catalyzed chemical reactions, as pre­
sented by Weissman and Benson (1984). A Cl/H ratio of one produced the highest soot 
yields. CCI4  by itself was found to have a low soot yield, but when combined with CH4 
it had a high soot yield that increased with increasing temperature.
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MODELING STUDIES
A number of modeling studies concerning chlorinated hydrocarbon combustion 
have been undertaken. Senkan (1984) reports on a computational study simulating the 
zone between the two flame fronts of a C2HCI3 flame. Essentially this involves CO oxi­
dation inhibited by HC1 and CI2 . A 37 step reaction scheme was used in conjunction with 
a diffusionless plug flow model. The slow oxidation of CO was found to be due to chlo­
rine inhibition. Specifically, two scavenging reactions involving HC1 and Cl2  remove H 
atoms and compete with the reaction that forms OH. This depletes the OH population, 
retarding the oxidation process. Chang and Senkan (1985) report on ignition delay time 
modeling for the same mixtures, using the same model and technique. Similar conclu­
sions are reached and it is noted that reactions involving the CIO radical are very impor­
tant to ignition delay times.
Chang, et at. (1985a) describe results obtained while modeling C2 HCI3  flames 
using a 50 species, 130 step reaction mechanism. Ignition delay times were predicted 
with good agreement to the data of Miller, et al. (1984a). Good qualitative agreement 
was reached for flame species profiles, including the two stage flame phenomena. The 
data used for comparison were those of Bose and Senkan (1983) and Chang, et al. (1985).
The previous model was refined to 34 species and 73 reactions by Chang, et al. 
(1986a). It was observed that primary consumption of C2 HCI3 was by Cl radical attack 
to form the C2 CI3 radical and HC1. The most important radical was Cl, however, the 
C2 CI3 radical was also found to play a large role.
Chang, et al. (1987) have performed detailed chemical kinetic modeling on CO 
flames seeded with 2% H2 , with and without the addition of Cl2  • They have developed a 
model with 19 species and 64 reactions. The flame velocities were computed for a vari­
ety of equivalence ratios and chlorine loadings and compared with the data of Palmer and 
Seeiy (1960). Good qualitative agreement was reached. A sensitivity analysis of the re-
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action mechanism showed that at low CI/H levels, H is scavenged by HC1 molecules, 
while at high Cl/H levels, H and OH are scavenged by Cl atoms.
Lee, et al. (1982) have modeled their own flow reactor destruction data. An 
equation to predict the temperature needed for 99.0%, 99.9%, and 99.99% destruction for 
2  second residence time was developed, incorporating features such as autoignition 
temperature, number of carbons, and bonding structures. Eleven variables were involved 
and all 3 correlations were very good.
Westbrook (1982) presents a comprehensive model for combustion of CH4  in the 
presence of HCI, CH3 CI, C2 H3 CI, and C2 H5 CI. Two important inhibition reaction 
schemes were noted. The first is the Cl catalyzed removal of H atoms from the system by 
recombination.
H + Cl2  ~ HCI + Cl 
H + HC1 = H2  + C1 
Cl + Cl + M = CI2  + M
(RII-7)
(Rn-8)
(RII-9)
The net effect is:
H + H = H2 . (RII-10)
A similar cycle applies to halogenated hydrocarbons:
H + RaCI = HCI + Ra 
Ra + CI2  = RaCI + Cl 
H + HCI = H2  + CI 
Cl + Cl + M = Cl2  + M.
(Rn-11)
(RII-12)
(RII-13)
(Rn-14)
where Ra = CH3 , C2H3 , C2 H5
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Here as before, the net effect is:
H + H = H2 . (RH-10)
These two cycles make H unavailable for the important chain branching reaction
H + 02 = OH + O. (Rn-1)
The slowing of this reaction is the essence of the inhibition process.
Janssen and Senser (1987) have successfully correlated the data of Senkan, et al. 
(1983) for sooting limits. A correlation involving critical equivalence ratio, temperature, 
and equilibrium mole fraction of OH was used to fit all the data except the lean sooting 
limit of CCl4/CH4/air flames. It was noted that the mechanism controlling sooting limits 
in CHC flames is probably similar to that in HC flames, since similar correlations have 
been used for both cases.
The construction of a complete predictive model for an incinerator is of course a 
major goal of incineration research. Such a modeling effort has been attempted by Clark, 
et al. (1984) of Energy and Environmental Research Corporation. They have developed a 
modular model to predict the DRE in a pilot scale liquid injection incinerator. Simple 
mixing and flow models were combined with complex heat transfer and burner flow 
models. Destruction kinetics were based on simple first order Arrhenius models with pa­
rameters obtained from the work of Dellinger, et al. (1984). The results predicted by the 
model were compared to the DRE results obtained by Castaldini, et al. (1984). Very 
good agreement was reached for C6 H5 CI and CCI4 , but the DREs for CH2 CI2  and 
CHCI3 were oveipredicted by several orders of magnitude. This oveiprediction was at­
tributed to either poor measurements in the original data, or to poor kinetic models. It
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appears fortuitous that agreement could be reached for the DRE of half the compounds 
studied, given the complexity of the situation and the over simplified kinetic models used.
Wolbach and Garman (1984) have also done work in this vein. They have de­
veloped a model that split the pilot scale incinerator being studied into zones. To delib­
erately render the model conservative, all waste destruction was assumed to take place in 
the non-flame regions of the incinerator. Plug flow was assumed, and a complex heat 
transfer algorithm was developed to predict the temperature map. Pseudo first order 
waste destruction kinetics were assumed. Parameters were used from University of Day­
ton flow reactor data (Dellinger, et al., 1984) and from Lee, et al. (1982). An oxygen 
concentration term was added to the original first order model, and the other parameters 
adjusted appropriately. The model predicted thermal profiles well, as expected. How­
ever, the DRE for the waste (CCI4 ) was underpredicted by two orders of magnitude. 
Therefore, the model was very conservative, but might lead to overdesign of incinerators.
The failures of these models to achieve good results for the DRE occurred even 
though temperature and flow field predictions were very accurate. They illustrate both 
the shortcomings of global kinetic models and the need for more fundamental under­
standing of the reaction chemistry.
SCALE-UP STUDIES
Several attempts have been made to directly relate laboratory scale findings to the 
full scale. To date these studies have either involved POHC ranking scales or equilibrium 
product distributions. POHC ranking scales are based on the degree of difficulty in ob­
taining complete combustion when the POHC is incinerated. This is important in deter­
mining the POHCs for a trial bum, inasmuch as it is critical that the most difficult to de­
stroy POHCs present in the waste feed are indeed included in the POHCs for the trial
32
bum. Equilibrium product studies allow determination of the theoretical destruction lim­
its of the incinerator.
Cudahy and Troxler (1983) tested nine proposed POHC ranking scales against the 
measured thermal oxidation stability (TOS) of 15 compounds. Thermal oxidation sta­
bility was determined from non-flame flow reactor data. Each of the nine scales tested 
was based on some easily measured physical property. The autoignition temperature of 
the material correlated best with the TOS.
Dellinger, et al. (1986) present a discussion regarding six proposed POHC ranking 
scales. The measured TOS is included in the list of proposed scales here, since measure­
ment of TOS had become more commonplace. The authors propose a dual-zone in­
cineration model composed of flame and non-flame zones. The non-flame zone is 
thought to dominate emissions, and fuel rich regions in the post flame zone are especially 
suspect. No conclusions were drawn with regard to which scale was most appropriate.
Dellinger, et al. (1986a) takes this discussion of POHC ranking scales further by 
comparing eight proposed ranking scales with data from ten pilot or full scale thermal de­
struction devices. Methods for screening the field data to compare DRE and POHC 
ranking were developed first. The comparison showed that the ranking scale based on 
non-flame thermal stability under oxygen deficient conditions performed best. It was also 
noted that PICs, which are also POHCs, can dominate the DRE in some cases. This situ­
ation can occur if a POHC in a waste mixture produces a PIC that is also another POHC 
in the same mixture. PIC formation, then, is very important.
Dellinger (1987) presents a discussion on the practicalities of monitoring inciner­
ator performance. He points out the importance of PICs and presents formulas for the 
relative risks of both POHC and PIC using relative toxicities and relative PIC yields. He 
concludes with a discussion on mixtures prepared especially for trial bums that test both 
POHC and PIC destruction in an incinerator. There would be a series of these so the in­
cinerator could be tested for the range of compounds to be incinerated.
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Yang, et al. (1987) report on the results of an equilibrium product study. They 
chose seven combinations of C:H:0:N:C1:S atom ratios and calculated the equilibrium 
product distributions over a temperature range of 100 - 2000°C. The non-sulfur contain­
ing case that was both oxygen and hydrogen deficient was the only case demonstrating 
the possibility of significant equilibrium pollutant emissions. At low temperatures, this 
system produced graphite, phosgene (COC12), CCI4 , C2 CI4 , and C2 CI6  as significant 
equilibrium products. However, it should be noted, (the authors did not), these emissions 
would be virtually impossible because the reaction rates to produce the products are so 
slow. An entirely different situation occurs at high temperatures, where the COC1 radical 
and Cl atoms are both produced in significant quantities. In an incinerator, if this mixture 
resulted from poor mixing and these equilibrium products formed at high temperatures, 
they could combine to form COCI2 , which could be emitted from the incinerator if no 
further thermal destruction occurred. Therefore the establishment of equilibrium in a 
zone of "bad" stoichiometry has the potential for emission of hazardous compounds, just 
as can occur in a well mixed region that produces hazardous emissions because kinetic 
limitations prevent the establishment of equilibrium.
SUMMARY
A considerable amount of study has been focused on the combustion of chlori­
nated hydrocarbons. Initial studies were directed at understanding their flame inhibiting 
properties. Flame speeds were seen to decrease as the level of chlorination increased. 
Carbon monoxide oxidation was found to be delayed, due to interference with an impor­
tant chain branching reaction.
More recent studies with chlorinated hydrocarbons have dealt with flame speeds 
of pure compounds and their mixtures with hydrocarbons. Sooting limits have also been 
obtained. A number of experiments designed to determine combustion product distribu­
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tions have been performed with burners simulating those in actual incinerators. Correla­
tions of DRE with various indicators, such as CO and THC have been attempted, with 
mixed results. Several studies have focused on obtaining stable species profiles for se­
lected compounds using a flat flame burner. These studies could be used to obtain flame­
mode kinetic information.
Non-flame-mode combustion studies fall into two categories: flow reactors and 
shock tubes. A number of basic studies were performed in flow reactors to determine ki­
netic mechanisms and reaction rates for compound destruction. Applied studies per­
formed in flow reactors have determined simple non-flame-mode destruction kinetics for 
a large number of compounds.
Shock tube experiments have provided information regarding initiation reactions, 
including rate constants. Ignition delay times have also been studied, along with phe­
nomena regarding soot formation.
Modeling efforts have focused on a number of different areas. Detailed kinetic 
mechanisms have been used to successfully model ignition delay times from shock tubes 
and mole fraction profiles from flat flames. There have been two unsuccessful attempts at 
modeling pilot-scale rotary kiln DREs using non-flame-mode kinetic data.
Attempts to directly relate laboratory results to full-scale incinerators have also 
been made. Several of these have focused on ranking POHCs, with varying degrees of 
success. One study related laboratory flame data to the problem of monitoring incinerator 
emissions, while another focused on equilibrium emission levels.
Several of the experimental studies have involved CCI4 . However, no study has 
directly addressed its flame-mode destruction kinetics with the exception of Cundy, et al., 
(1986a, 1987) which form a portion of the data presented herein. Table H-I summarizes 
the experimental work carried out with CCI4 .
Table H -1 Summary of CCI4  work
Investigator Year
Gamer 1957
Kaesche- 1963
Krischer
Morrison & 1972
Scheller
Senkan 1983
Dellinger 1984
Gupta & 1984
Valerius
Valerius 1984
Miller 1983
Staley 1985
Frenklach 1986
Graham 1986
Cundy 1986
1987
Taylor & 1988
Dellinger
Technique
premixed nozzle flame
bunsen burner 
hotwire
flat flame 
flow reactor 
bunsen-type burner 
shock tube
turbulent spray reactor 
shock tube 
flow reactor
flat flame
flow reactor
Conclusions
burning velocity 
decreases, sooting 
increases with 
increasing Cl/H ratio
could not stabilize flame 
in O2  environment
CCI4  lowered ignition 
temperature, no clear 
correlation with Cl/H 
ratio
sooting limits correlated 
with R value for each 
compound
time and temperature 
requirements for 99.99% 
DRE
burning velocities 
decrease with increasing 
Cl/H
ignition delay times, 
Arrhenius parameters 
obtained
no clear correlation of CO 
with DRE
Cl/H = 1 for highest soot 
yield
time and temperature 
requirements for 99% 
DRE
temperature and species 
profiles presented, CO 
oxidation inhibited
CCI4  stability in mixture 
h ig h e r than  pure 
compound stability
CHAPTER m  EXPERIMENTAL FACILITY AND TECHNIQUES
CHOICE OF EXPERIMENTAL TECHNIQUE
As stated previously, this study will focus on the gas phase kinetics that control 
the destruction of a waste compound, specifically CCI4 . Several experimental techniques 
can be used to study gas phase kinetics, including flow reactors, shock tubes, flat and tur­
bulent flames, and molecular beam reactors. Each of these has advantages arising from 
the nature of the technique and the physical equipment used. However, in deciding a sin­
gle "best" technique to study, gas phase kinetics for modeling an incinerator, the issue of 
how well the technique relates to the physical processes of interest far outweighs all other 
considerations. Therefore, a discussion of the physics of the incineration process will 
follow.
The purpose of an incinerator is to convert as much of the waste as possible to 
stoichiometric reaction products (CO2 , H2 O, and HC1 for CHCs). Unconverted waste 
and partially converted waste are both undesirable.
It is obvious from the regulations that even if a very small portion of the waste es­
capes the conversion process, the emissions could be in excess of the legal limit. Field 
tests of incinerators and co-fired boilers firing hazardous waste (Castaldini, et al, 1984a 
and Trenholm, et alr 1984) show that indeed some waste does exit the incinerator. The 
fact that no real world combustion process achieves 1 0 0% conversion substantiates this. 
The questions of greatest interest concerning incineration are therefore: why does some 
fraction of the waste exit the incinerator in an unconverted state, how much of it is there, 
and how can it be prevented? The answer to the first of these questions has been actively 
pursued by Dellinger and others at the University of Dayton (Dellinger, 1986). They 
conclude that the occurrence of fault modes in the incinerator combustion processes
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determines the POHC breakthrough and by definition, the DRE. They show that 
processing of waste under reasonable conditions should result in greater than 9 9 .9 9 % 
DRE, whether done through the flame or non-flame mode. Therefore, some type of fail­
ure must be occurring in one or both modes to produce emissions that exceed the legal 
limits.
These failure conditions are referred to as fault modes in the literature. A total of 
seven fault modes have been identified in incinerators, four for flame mode processing 
and three for waste undergoing non-flame mode processing.
VanDell and Shadoff (1984) have listed the four fault modes for flame zone pro­
cessing: poor atomization, poor mixing, thermal disturbances, and flame quenching. 
Poor atomization leads to droplet breakthrough of the flame zone. Poor mixing on the 
molecular level leads to incomplete reactions. Flame temperatures that are momentarily 
lowered by various conditions will result in slower reaction rates and possible POHC 
and/or PIC breakthrough. Quenching of reactants may also lead to POHC and/or PIC 
breakthrough, due to a "freezing" of the reaction process.
Dellinger (1986) lists three fault modes for non-flame mode processing: poor 
mixing, inadequate residence time, and insufficient temperature. Poor mixing on the 
molecular level here again leads to incomplete combustion. Inadequate residence time at 
elevated temperatures or sufficient time at insufficient temperature will also lead to in­
complete destruction.
All of the waste that enters an incinerator is processed by one of two routes. It can 
undergo solely non-flame mode processing, or it can be processed by a flame zone and 
then by a post flame (non-flame) zone. Each of the seven fault modes will result in the 
waste being processed by a non-flame zone or by a flame zone followed by a non-flame 
zone. These will be discussed next.
The four flame zone fault modes have varying effects on the type of zone created. 
Poor atomization may result in a portion of the waste escaping the flame zone and being
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processed primarily in a post-flame zone. Poor mixing will result in either a flame of dif­
ferent local stoichiometry than the overall stoichiometry, or a non-flame zone if either the 
temperature is too low or the flammability limits are not met. A flame zone experiencing 
a drop in flame temperature will remain a flame zone. However, reaction rates will be 
slower. Flame quenching will result in a non-flame zone for waste processing. It can 
therefore be seen, that regardless of the flame zone failure mode, the waste is either being 
processed by a non-flame zone alone or by a flame zone followed by a non-flame zone.
The failure modes associated with a non-flame zone will have different conse­
quences, however, they all result in non-flame zone processing of the waste. Poor mixing 
will result in a non-flame zone of differing stoichiometry. Inadequate residence time or 
insufficient temperature will both result in the processing of the waste by a non-flame 
zone, although at less than optimal conditions.
The choice of physical experimental system, therefore, must be made on the basis 
of how well these two zones (flame and non-flame) are modeled. Flow reactors can ex­
amine only non-flame processing. However, they facilitate experiments at any temper­
ature, stoichiometry or residence time. Shock tubes allow the examination of a mixture of 
varying stoichiometry, but the residence times can cover only a very limited range. A 
flame zone can be made to occur within certain ranges of stoichiometry, temperature, and 
pressure. Flat and turbulent flames obviously possess a flame mode area, but they also 
contain a non-flame zone in the regions upstream and downstream of the flame. Molec­
ular beam reactors cannot produce a flame zone, and are almost always used to examine 
specific molecular reactions; not global reactions.
None of the techniques available can model all the fault modes of an incinerator 
plus the primary flame and non-flame zones. A combination of experimental techniques 
is necessary. This study, however, will use a flame mode technique. This will enable 
study of the primary flame zone, the non-flame processing in the pre and post flame zones 
of an incinerator, plus three of the seven fault modes. The flame zone failure modes of
39
poor atomization, poor mixing, and thermal disturbance of the flame can all be modeled 
with a flame mode experimental technique. They can be achieved by varying the waste 
loading and stoichiometry to simulate poor mixing or droplet breakthrough and by vary­
ing the heat extraction to simulate a drop in flame temperature. None of the non-flame 
zone failure modes can be modeled.
Of the two flame techniques, the flat flame is chosen because the transport pro­
cesses are much simpler than in the turbulent flame. A flat flame, therefore, retains most 
of the modes of normal waste processing and flame failure modes present in an incinera­
tor, but removes many of the complexities associated with an incinerator. The local 
stoichiometry is easily controlled and defined, the flow is laminar, only one phase is pre­
sent, the heat transfer is easily modeled, and the geometry is one dimensional in the flat 
flame. It is ideal for studying flame mode and post-flame mode gas phase kinetics.
DESCRIPTION OF FACILITY AND TECHNIQUES
The flat flame facility is composed of nine subsystems. The overall facility is il­
lustrated in Figure HI-1. A detailed description of the original facility is in the literature 
(Senser, et al, 1985). This original system was used for Flames 1 and 2. (These flame 
numbers are defined on page 79.) For Flame 3, the entire exhaust gas collection and 
treatment system was revised. For Flames 4 and 5, the gas sampling manifold, gas chro­
matograph sample injection system, and GC techniques were completely reworked. A 
detailed description of the original facility and experimental techniques used will be given 
first, followed by the changes detailed in chronological order.
EXPERIMENTAL FACILITY
The bench-scale flame facility system centers around the flat flame burner 
subsystem. The burner used is a Holthius flat flame burner (McKenna Products,
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Pittsburgh, California). The burner surface is 6  cm in diameter, and is constructed of 
sintered stainless steel. The porous surface is surrounded by a guard ring machined from 
sintered Inconel. A stoichiometric CtLf/air flame is stabilized on this guard ring when 
burning chlorinated feedstocks. This outer flame stabilizes the inner, less stable flame by 
lessening entrainment effects and by lessening temperature gradients at the edge of the 
inner flame. This technique grew out of a suggestion by Glassman (1984) to seed CH4  
with the N2  originally used for a shroud.
Heat transfer from the burner is facilitated by cooling coils, embedded in the 
burner, through which water flows. This greatly increases the range of burning velocities 
which can be stabilized on the burner. Mixtures with flame speeds covering a range of 5 - 
40 cm/s can be studied. A 75 micron mesh stainless steel screen is placed above the 
flame to lessen far post-flame entrainment and possible turbulence.
Combustion Chamber
The combustion chamber housing the flat flame burner is the second subsystem. 
It is a 15.2 cm Pyrex cross equipped with four ports, each of which is fitted with a 2.54 
cm stainless steel blind flange. These are sealed to the cross with 0.53 cm Viton O-rings. 
Flames are stabilized at slightly subatmospheric pressure (750 Toit) to insure the safety of 
lab personnel.
The bottom flange on the cross houses four feedthrough fittings to allow connec­
tion of umbilical lines to the burner for gas mixtures and cooling water. These lines are 3 
mm Teflon tubing. A drain is also fitted to the bottom flange, and is sealed during sub- 
atmospheric operation with a 6  mm stainless steel Nupro valve. The burner translating 
mechanism bolts to the bottom flange, and the feedthrough is sealed with a 2.5 cm Cajon 
Ultra Torr Adapter bolted to the bottom flange. The bottom flange is fastened to the test 
stand with three bolts that allow precise leveling of the burner.
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The top flange is fitted with two 6  mm Ultra Torr Adapters. One allows passage 
for the electrical wires that connect from an external temperature readout to the two 
thermocouples mounted on the burner stabilizing screen. The other provides for easy 
placement of the gas sampling microprobe and then holds it firmly in place during the 
course of an experiment. The exhaust gases exit through a 2.5 cm stainless steel pipe 
welded to the top flange and then enter the exhaust gas subsystem.
The front flange contains a quartz viewport (Huntington Mechanical Labs, model 
VP-400). This viewport is optically clear, and allows spatial position measurements. 
This viewport is sealed with a Viton O-ring and is readily removable for thermocouple 
replacement and initial establishment of the flame.
The rear flange is fitted with a 6  mm Ultra Torr Adapter which is used to hold the 
thermocouple assembly firmly in place during measurements, but allows translation and 
rotation to properly place it in the flame. The rear flange is also equipped with a 6  mm 
pipe fitting used to connect the combustion chamber to a glass manometer. A 6  mm 
stainless steel Nupro valve can be used to isolate the manometer from the chamber. The 
manometer contains water and is used to determine the pressure in the combustion cham­
ber, when used in conjunction with the Baratron MKS pressure transducer used to mea­
sure atmospheric pressure.
Burner SuddIv
The subsystem supplying material to the burner is composed of two components. 
One component supplies the main burner with the reactants to be studied, while the other 
supplies the guard gas mixture. The feedstocks for this project are CCI4 , CH4 , and air. 
Methane is supplied from a standard high pressure cylinder fitted with a two stage 
regulator. Air is supplied from an oilless air compressor (Dayton Electric Manufacturing, 
Speedaire Model 3Z921A) equipped with a 30 L air tank. The compressed air is dried 
with an indicating desiccant and passed through activated charcoal to remove any pos­
43
sible organic impurities, and then enters a two stage regulator. The CCI4  is stored in a 4 
L Nalgene container in liquid form and passes through 6  mm Teflon tubing to a Fluid 
Metering Model RHSY positive displacement pump. The liquid is then metered by a 
Matheson 7800 series liquid rotameter and passed to the first heated mixing tank. Cali­
bration of this rotameter is done by measuring the total mass pumped during a given time 
at each of several flow rates. The flow rate is then given by the mass pumped divided by 
the time.
The guard gas mixture components (CH4  and air) are metered individually by 
Matheson 7800 series gas rotameters and then thoroughly mixed. They then enter a 
heated mixing tank filled with glass wool, where possible flow surges are damped. The 
mixture then proceeds through 3 mm Teflon lines to the combustion chamber and into 
the burner. These rotameters are calibrated with a soap bubble flowmeter.
The two reactant gases, CH4  and air, are metered through a Matheson model 8429 
multiple flow controller unit whereupon they flow into the evaporation tank. This tank is 
4.0 cm in diameter and 91.4 cm in length. It is packed with glass wool and fitted with an 
external resistance heater. The CCI4  is also introduced into this tank through an atomiz­
ing nozzle. Evaporation and mixing take place in the first tank, and then the reactant gas 
mixture proceeds to the final mixing tank, which is of similar construction. Mixing of the 
reactant gases is completed here, and the gases flow through 3 mm Teflon lines to the 
combustion chamber and into the burner. These mass flowmeters are calibrated with a 
soap bubble flowmeter.
The cooling water for the burner is heated to ensure that condensation of the re­
actant gases does not occur inside the burner. A counterflow heat exchanger of double 
pipe construction is used to accomplish this. The water flows through the exchanger, 
which gives it the initial heating, and then past a resistance tape heater to achieve the fi­
nal, precise temperature desired. The water passes through the burner, and then back 
through the heat exchanger to preheat the incoming water.
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Exhaust Gas Collection and Treatment
This subsystem, shown in Figure HI-2, is designed to maintain the pressure in the 
combustion chamber at 10 Torr below atmospheric pressure, and to handle the exhaust 
gases from the flame. The vacuum is supplied by an Edwards model EDM20A two stage 
oxygen rated vacuum, rated at 410 L/min. The rest of the subsystem is designed to pro­
tect the vacuum pump from the corrosive gases.
The gases are initially conveyed away from the combustion chamber by a 2.5 cm 
length of stainless steel tubing which is connected to a rubber hose. The exhaust gases 
then pass into the condenser unit. The condenser is a 10.2 cm diameter stainless steel 
pipe that is 63.5 cm long. It contains a coil made of a 600 cm length of 6  mm stainless 
steel tubing. The inner coil is the evaporation coil of a small refrigeration unit. The coil 
is kept near 273 K. Condensate from this condenser is collected in a sump made of 2.5 
cm stainless steel tubing fitted with a drain valve.
The gases are then conveyed by a length of 2.5 cm diameter rubber tubing to a 
FTS model VT-3-84 Cryogenic Multi-Trap. This is a two stage unit capable of very low 
temperature operation. The unit is fitted with a 4 L glass bottle that is filled with 1 cm 
glass spheres to present a large cold surface to the gas stream. The bottle serves as the 
sump for condensate generated by this trap.
The flue gases then pass through an FTS Acid Trap filled with activated absorp­
tion compounds before entering a stainless steel needle valve which is used to meter the 
gas flow and provide control over the pressure in the combustion chamber. The gases 
then enter the vacuum pump.
The pump is fitted with an external filtration system (Edwards A501-04-000) to 
filter the pump oil (Fomblin) and reduce the corrosive effects of the HC1 that inevitably 
passes into the pump.
45
From
Combustion
ChamberCondenser
Freon^mnUKKOKttUUU')
Cryogenic
Multi-Trap Acid
Trap Needle
Valve
Exhaust To Fume Hood
Vacuum Pump
External
Filter
System
Figure III-2 Exhaust Gas Collection and Treatment System (Flames 1 and 2)
Gas Sampling
The gas sampling subsystem is composed of a quartz microprobe, a sampling manifold, 
and a 100 ml glass sample bulb. It is illustrated in Figure III-3. The microprobe is con­
structed from 8.3 mm diameter quartz tubing, according to the methods of Fristrom and 
Westenberg (1965). These probes have an average orifice diameter of 75 microns. Just 
inside the probe tip, the bore widens rapidly, allowing for a very rapid drop in temper­
ature, thus quenching the reactions occurring in the flame at the probe tip. This allows 
sampling of the combustion species as they are actually present at the probe tip, with the
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exception of radical species, which recombine when they enter the probe. A single probe 
is used for each flame studied.
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Bottle
Vacuum Gage
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Pump
Thermocouple 
Vacuum Gage
Gas Sampling Probe
Figure HI-3 Sample Collection Manifold (Flames 1-3)
The sampling manifold fastens to the probe with a glass and teflon coupling. The 
manifold is constructed entirely of glass and teflon, except for a length of Tygon tubing 
that connects the vacuum source to the top of the sample bottle. The sample bottle is a 
100  ml glass bottle, fitted with teflon stopcocks at both ends.
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The operation of the manifold is simple. The probe and manifold are initially 
evacuated. They are then purged at low pressure for no less than 5 minutes, by closing 
valves #2 and 3, with #1, 4, and 5 open. To take a sample, valve #5 is closed, and the 
pressure in the sample bottle increases. When the bulb reaches 50 Toir absolute pressure, 
valve #4 is closed, sealing the sample bottle. The bottle is then taken to the gas chro­
matograph for analysis. The gas chromatograph system will be described later.
Temperature Collection
The sixth subsystem is for temperature sampling of the flat flame. It consists of a 
constant tension thermocouple rake, and a Leeds and Northrup millivolt potentiometer, 
model 8 6 8 6 . The thermocouple rake is detailed in Cundy, et al (1986b), including 
materials and methods of construction. It is illustrated in Figure HI-4.
The sensing wire of the thermocouple is constructed of 0.13 mm platinum wire 
and 0.13 mm platinum-13% rhodium wire. Formerly, 0.05 mm wire was used, but 
breakage rates in the corrosive flame environment were too high to provide meaningful 
temperature measurements. Therefore, the stronger wire was opted for; its drawbacks 
being a slightly larger flame disturbance and a larger radiation loss to the surroundings, 
necessitating a larger temperature correction. The bead is made as a butt weld, using mi­
cro-torch techniques, resulting in a nearly spherical bead, 0.26 mm in diameter. The 
sensing wire is suspended on two ceramic tubes. The sensing wire reaches entirely across 
the flame and is the only foreign body introduced into the flame. One of the arms is 
fixed, while the other pivots. The pivoting arm has a spring attached to it that provides 
nearly constant tension of the sensing wire. This keeps the sensing wire from drooping 
when it encounters flame temperatures. The sensing wire, therefore, can be placed in an 
isotherm to eliminate conduction losses from the bead along the sensing wire. The arms 
are both attached to a long ceramic tube which contains the thermocouple extension wires 
and which itself passes through a flange of the combustion chamber.
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Uncoated wire is used for the sensing wire because of the uncertainty associated 
with the emissivity of the coating material in the flame environment. Also, previous 
work with chlorinated hydrocarbon flames (Jang, 1984) has shown that catalytic heating 
effects are almost non-existent. Temperatures obtained in the flame are corrected for ra­
diation effects using the methods described by Senser (1985).
Burner Translation
The burner translation subsystem is the seventh component. It is shown in Figure 
m-5. For this work, probes are held stationary and the burner translated to provide spatial 
variation. The burner translator consists of a burner support, a traversing mechanism, and 
a guide. The burner support is a 2.5 cm stainless steel pipe fastened to the burner. It 
passes through the bottom flange and is connected to the traversing mechanism, which is 
a tapped aluminum block. A fine threaded machine screw, fixed in place with a collar, 
passes through this aluminum block, allowing vertical movement of the block and burner. 
The aluminum block is supported by three steel rods bolted to the bottom flange, which 
ensure that the motion generated is only in the true vertical direction. The machine screw 
is presently rotated by hand to effect vertical movement, and is capable of 0 .0 0 1  cm 
increments.
Spatial Measurements
A Sargent Welch model S-14785 precision cathetometer provides for spatial mea­
surements in the flames. It is capable of 0.001 cm resolution. The locations of the burner 
surface, gas sampling probe tip, and thermocouple bead are all measured with this instru­
ment, in addition to the locations of the top and bottom of the luminous zone in each 
flame. Sightings are made through the quartz viewport on the front flange of the com­
bustion chamber.
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Gas Analysis
The last subsystem is the gas chromatograph system used for determination of the 
composition of the gas samples. This subsystem is composed of a Varian Vista 6000 gas 
chromatograph (GC), equipped with a thermal conductivity detector (TCD) and a flame 
ionization detector (FID), and a Varian Vista 402 data system. This subsystem and its 
associated sample introduction and calibration techniques have been detailed by Senser 
and Cundy (1987), but will be discussed here for completeness. Twenty two compounds 
have been targeted for quantification using this system. They are shown in Table 1H-I.
As was previously mentioned, samples are collected in 100 ml glass sampling 
bulbs at 50 Torr absolute pressure. These are then connected to a GC manifold consisting 
of two 5 cc nickel sample loops, and a pressure transducer. The manifold is evacuated, 
then the sample bulb contents are allowed to expand into the evacuated space. After sev­
eral seconds, the manifold pressure equilibrates, and the 10 port Valeo valve that connects 
to the sample loops is switched, allowing the Helium carrier gas to sweep the contents of 
the GC sample loops onto the columns.
The 10 port Valeo valve feeds both detectors, using separate 5 ml sample loops 
for each detector. The Thermal Conductivity Detector (TCD) is set up for the measure­
ment of fixed gases. Its target compounds are 02, N2 , CO, C02, and CH4 . Simultane­
ous measurement of these compounds are desired with concentration levels ranging from 
the low ppm level to the percentage level. A 4 m by 3 mm stainless steel Chromosorb 
102 column (80/100 mesh) is connected to the 10 port valve. This is followed by a 2 m 
by 3 mm stainless steel column filled with molecular sieve 5A (45/60 mesh). This col­
umn is in a series/by-pass arrangement with the Chromosorb column, utilizing a Valeo 6 
port Hastelloy valve. A flow restrictor balances the flow when the mole sieve column is 
switched out. This complicated arrangement is necessary to separate the five target com­
pounds. The temperature program calls for 35°C operation for 2 minutes, followed by a
10°C/minute temperature ramp to 174°C, which is then held for 10 minutes. Helium is 
the carrier gas used, at a flow rate of 30 cc per minute.
Table m -I List of Target Compounds
Column #1 (TCD) Column #2 (FID)
0 2  CH4
N2 C2H2
CO C2H4
C 02  C2 H6
CH4  (high level) CH3 CI
CH2CI2
CHCI3
CCI4
C2H3CI
1.1 C2H2CI2
1.2 C2H2CI2
C2HCI3
C2 CI4
C2 H5 CI
1.1 C2H4CI2
1.2 C2H4CI2
1.1.2 C2H3CI3
1.1.1.2 C2H2 CI4
The Flame Ionization Detector (FID) is set up for quantification of hydrocarbons 
and chlorinated hydrocarbons, shown in Table IH-1. A single 3 m by 3 mm nickel col-
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umn containing 1% SP-1000 on Carbopack B (60/80 mesh) is used. Helium is used as 
the carrier gas at 40 ml/min, with H2  at 26 ml/min and air at 240 ml/min for the detector.
EXPERIMENTAL TECHNIQUES
A description of the methods used in collecting the data will be given next, fol­
lowed by a description of the techniques used in calibrating the GCs and reducing the raw 
data to mole fractions.
The flat flame is stabilized in the combustion chamber allowing time 
(approximately one hour) for all systems to reach steady state operation. Gas samples are 
taken approximately every half hour starting with a location in the post-flame region. 
The samples are analyzed immediately after they are taken using the GCs. The burner is 
then moved upwards, placing the probe tip closer to the burner surface, and a new sample 
is taken. The probe and sampling system are allowed to purge at least 5 minutes before 
each sample is taken. The burner is moved up until the probe nearly (0.01 cm above the 
surface) contacts the burner surface, which usually requires 12-15 samples. Then several 
replicate samples are taken at previous locations in the flame to assure reproducibility. 
The initial reactant flows are sampled before and after the experiment to establish initial 
flow conditions and ensure that changes have not occurred during the experiment.
Temperature measurements are usually made on a separate day due to the length 
(18 hours) of a gas sampling experiment. The flame is stabilized as before, and ther­
mocouple readings are taken at several locations in the flame on each of several passes 
through the flame and post-flame regions. Many replicates can be taken, since the time 
limiting factor is not the analysis (as it is with gas sampling), but with obtaining the loca­
tion reading of the thermocouple bead. This takes approximately three minutes per loca­
tion.
Calibration standards for the gas chromatograph are made using a differential 
pressure method. Each compound added to the tank produces a pressure increment to the
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total pressure of the mixture. All standards are in the gas phase and are made in Monel 
tanks, with Helium as the base.
Calibrations are performed for several days period prior to and after each experi­
ment to establish a firm data base. Several calibrations arc performed on the day of the 
experiment. These calibration runs determine the GC response factors used for the sam­
ples from the flame.
Following execution of an experiment, most of the flame facility is disassembled 
for cleanup to prevent large-scale damage from corrosive combustion products. The 
burner is pickled in a weak nitric acid solution and all other components are neutralized 
with sodium bicarbonate and then scrubbed with hot water and detergent. The facility is 
then reassembled and tested for vacuum integrity before use.
FACILITY MODIFICATIONS FOR FLAME 3
The exhaust gas collection and treatment subsystem was completely renovated 
before this experiment was conducted. The following paper, which has been submitted to 
the Review of Scientific Instruments, describes both the changes made and the motivation 
behind them.
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A Novel Pump/Scrubber System Suitable for the Collection and Treatment of Corrosive 
Hue Gases for Near-Atmospheric Pressure Flames
J. S. Morse , V. A. Cundy* , and T. W. Lester 
Mechanical Engineering Department 
Louisiana State University, Baton Rouge, LA 70803
Submitted to Review of Scientific Instruments 
August 1988
A laboratory pump/scrubber system for the collection and treatment of corrosive 
flue gases is described. The system uses a recirculating water supply to power aspirators 
for pumping the flue gases. It has been tested for two years in the extremely corrosive 
flue gas environment produced by combustion of CCl4 /C H 4 /air mixtures.
* author to whom correspondence should be addressed
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The study of flames that produce corrosive flue gases has been pursued for some 
time. Included in these are studies of the flame inhibiting effects of halogen-containing 
compounds and the combustion characteristics of chlorinated hydrocarbons as they relate 
to incineration of hazardous wastes. The presence of highly corrosive compounds in the 
flue gases presents formidable and unique problems to the researcher. He/she must de­
sign and construct reliable equipment to collect and treat the flue gases over lengthy ex­
periments (up to 12-14 hours). This communication reports the design and construction 
of such a system that is used to handle the exhaust gas from a flat flame burner facility 
combusting mixtures of CCl4/CH4/air.
A previous paper! described the flat flame facility used to collect stable species 
data from the combustion of chlorinated hydrocarbons. The exhaust gas collection sys­
tem described in that paper consisted of a stainless steel Freon cooled condenser, a 2 stage 
FTS model VT-3-84 Cryogenic Multi-Trap, a FTS acid trap, and an Edwards EDM20A 
two stage oxygen rated vacuum pump, coupled with an external Fomblin oil filtration 
system (Edwards A501-04-000). It is illustrated in Figure 1. The purpose of this system 
was to maintain a slight vacuum in the combustion chamber (750 Torr) and to collect and 
eventually exhaust the highly corrosive flue gases. While this system was workable, a 
number of problems were encountered.
The stainless steel condenser and associated piping were under constant attack by 
the HC1 during each experiment. Corrosion occurred continuously, necessitating frequent 
repairs. The principal problem, however, was deterioration of the exhaust vacuum pump. 
Even though considerable efforts were made to remove condensable flue gases prior to 
the pump, some of these highly corrosive compounds eventually arrived at the pump. 
Two deleterious effects resulted. The first was the obvious corrosion that would occur 
from the presence of HC1 inside the vacuum pump. Even though the vacuum pump was 
rated for corrosive use and thoroughly cleaned after each experiment, it still had to be re­
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furbished on a frequent basis. Secondly, a portion of the flue gases always arrived at the 
vacuum pump in a condensed state. The presence of liquids inside the vacuum pump 
greatly affected the pumping curve, causing the flow rate to change continuously during 
experimentation. This necessitated frequent adjustment of the needle valve controlling 
the flow to the pump during experimentation, in order to maintain the desired slightly 
negative pressure in the combustion chamber. The maintenance of this slightly negative 
pressure was essential to prevent the possibility of combustion products escaping into the 
laboratory. Because of these difficulties, a new system was developed.
The present pumping system, illustrated in Figure 2, consists of a recirculating 
water system that drives a pair of 2.5 cm diameter aspirators. One aspirator is constructed 
of polypropylene (Penberthy model LM) and the other is Kynar (Ametek/S and K model 
264). The two different materials were chosen to check their compatibility with the flue 
gases, and no problems have been been observed with either material. The water supply 
is powered by a cast iron 746 W centrifugal pump manufactured by Gould Pumps, model 
3642. The effluent from the aspirators is directed back into a 60 L tank, which is filled 
with water saturated with sodium bicarbonate (a pH level of 8 is continuously main­
tained). All piping on the system is constructed of 2.5 cm diameter poly-vinyl chloride 
(PVC) as are all but one of the valves (#4). It is constructed of brass and has experienced 
corrosion since it occasionally comes in contact with vapors from the flue gases. It is 
scheduled for replacement with a PVC valve. No corrosion of the water pump has been 
observed due to the near neutrality of the scrubbing water.
The entire pump/scrubber system is housed in a fume hood. This allows the re­
moval of the carbon dioxide produced by the HC1 reacting with the sodium bicarbonate. 
It also allows the removal of small amounts of toxic flame products produced but not 
consumed by the flame.
Control of the pump/scrubber system is provided by four valves. A primary valve 
(#1) can be used to seal the system from the combustion chamber. Valves #2 and #3 al­
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low the second aspirator to be used if a higher volume flow rate is required. Valve #5 is a 
bypass that allows crude control over the volume flow rate. If the second aspirator is not 
in use, valve #2 can also be opened for use as a bypass (#3 is closed). Valve #4 is a bleed 
valve that allows the introduction of room air into the flue gas stream to provide precise 
control over the pressure in the combustion chamber.
Experience with the system indicates that it is very stable. Once it is set for the 
initial reactant flow rates and the desired combustion chamber pressure, deviation over 
the course of a 12 hour experiment does not occur. The absence of chamber pressure drift 
is absolutely critical for flame work. Further, the pressure-volume curve of the system is 
relatively flat. Large changes in flow rate (caused by changing the initial reactant flow 
rates) cause only a small change in the chamber pressure. Consequently, control over the 
chamber pressure during adjustment of the reactant flows at the beginning of the experi­
ment is effected with minimal effort. The level of control over the chamber pressure is 
impressive. While there is a high frequency, low magnitude pressure fluctuation inherent 
in the system (this is explained later), we can control the mean combustion chamber pres­
sure to less than one Torr. The system will not drift more than 0.5 Torr from this over the 
course of a 12 hour experiment.
An added advantage of the new system is that it provides for the safe release of 
"puffs" that can occur in a sealed combustion chamber if there is a momentary flameout 
and reignition. Such a "puff experiences almost no resistance throughout the entire ex­
haust system to the fume hood. The only flow resistances are pressure drops in the hose 
leading to the fume hood and the 20 Torr pressure drop across the water bath in the tank. 
A "puff occurring with the previous system would have to traverse the condensers, the 
needle valve, and be absorbed by the vacuum pump. It would have been possible for a 
pressure surge to become large enough to destroy the integrity of the combustion cham­
ber, allowing toxic gases to leak out.
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The piping system that conveys the flue gases from the combustion chamber to 
the pump/scrubber system is illustrated in Figure 3. It is designed to prevent the entry of 
condensed flue gases back into the combustion chamber and to allow for the safe collec­
tion of the condensate. As much as 1 L of concentrated HCI that condensed in the piping 
system has accumulated in the Nalgene collection bottle during a single experiment. The 
piping system is constructed of 3.2 cm ID rubber hose and 2.5 cm diameter Pyrex tubing. 
No material incompatibilities have been observed with any of these components.
The comparison of costs of the two systems is favorable to the present system. It 
cost less than $500 and has essentially no maintenance costs. The previous system cost in 
excess of $4000 to install and had annual maintenance costs of $200-750, depending on 
vacuum system refurbishing.
The new system, however, does have one disadvantage that was mentioned ear­
lier. Due to the nature of the aspirators and the pump, a high frequency pressure fluctua­
tion is observed at the combustion chamber. A magnitude of about 5 Torr and a fre­
quency of about 1 Hz is observed. These pressure fluctuations have no observable effect 
on the near atmospheric (750 Torr) flames in our studies. No movement of the luminous 
zone is observed, nor is there any movement of small (.013 cm) thermocouple wires in­
serted in the flame. There is also no corresponding fluctuation in temperature measure­
ments taken with these thermocouples.
Fristrom and Westenberg^ note that the first requirement for a facility used to 
study flames is that spatial stability of the flame must be very good. They recommend 
that spatial excursions be limited to .001 cm. They further note that flame thickness is 
inversely proportional to pressure. A change of 5 Torr in a 750 Torr flame will cause a 
0.67 percent change in the flame front thickness. A typical flame front (luminous zone) 
thickness for our flames is 0.1 cm. The change in its thickness caused by the 5 Torr pres­
sure fluctuation will therefore be 0.00067 cm, which is below the spatial resolution (0.001
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cm) of the cathetometer used to measure distances in the flame. Therefore, the fluctua­
tions in the luminous zone are too small to be observed in our present system.
In a very low pressure flame (10 Tort) the flame front will be much thicker, and 
the pressure fluctuations would make a significant change in the flame front thickness. A 
10  cm flame front would need pressure control to 0 .01  percent to give flame front varia­
tions of 0.001 cm. This corresponds to the same level of pressure control recommended 
by Fristrom and Westenberg. Our pumping system in its present form is not capable of 
such a level of control. For this reason, we are only recommending this pumping system 
for flames at near atmospheric pressure.
This pump/scrubber system has been in use in our laboratory for two years. We 
have experienced no corrosion problems and the system has been totally reliable. The 
high frequency, low magnitude pressure fluctuations have not affected the data we have 
taken in near atmospheric pressure flames. The cost of this system is also very reason­
able.
The work reported in this communication was funded in part by the Hazardous 
Waste Research Center of Louisiana State University through Cooperative Agreement 
CR813888 with the United States Environmental Protection Agency. This work has not 
been subjected to Agency review and no official endorsement should be inferred. The 
concept for this design came from Chris Leger, and the construction was carried out by 
Thomas Harkins. Appreciation is extended to the Alumni Federation of Louisiana State 
University for their fellowship support of one of the authors.
^D. W. Senser, J, S. Morse, and V. A. Cundy, Rev. Sci. Instrum. 56, 1279 (1985).
2 r . M. Fristrom and A. A. Westenberg, Flame Structure (McGraw-Hill, New
York, 1965).
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FACILITY MODIFICATIONS FOR FLAMES 4 AND 5
The gas sampling system and the gas analysis system and techniques underwent a 
major change before Flames 4 and 5 were sampled. There were numerous problems as­
sociated with the previous methods of gas analysis. These are detailed in the next para­
graphs. In addition, the same gas chromatographs and calibration mixtures were to be 
used in a full scale incinerator sampling project (Cundy , et al.t 1988, 1988a,1988b). In 
order to make the two projects compatible, and more importantly, to improve the sensi­
tivity of the gas analysis, the gas sampling and gas analysis systems were completely re­
worked. The following paragraphs detail the changes made.
Gas Analysis'
As was mentioned previously, a number of problems surfaced with the former 
method of gas analysis. This method involved attaching a 100 ml sample bottle at 50 
Torr absolute pressure to an evacuated manifold with two 5 ml sample loops. The sample 
flowed from the bottle into the loops, which were then switched into the carrier gas flow, 
sweeping the sample into the columns. One of these problems was the apparent absorp­
tion of some compounds on polymeric materials in the manifold and/or adsorption on the 
manifold walls. Differing rates of diffusion may have also played a role, since higher 
molecular weight compounds would not be expected to reach the sample manifold as fast 
as the lighter compounds, thus leaving the sample loops deficient in heavy compounds if 
injection occurred too early. Compounding the problem, the manifold pressure would 
drop rapidly after sample introduction, indicating absorption of some compounds. This 
placed the GC operator in the unfortunate position of knowing that on one hand, the sam­
ple pressure was falling rapidly, indicating that he should inject the sample immediately, 
and knowing that on equilibrium distribution of the sample on the manifold had probably 
not yet been reached. Since the pressure of the sample enters directly into the calculation 
of mole fractions, it was deemed prudent to attempt to inject the sample as soon as rea­
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sonably possible. Therefore, it was unlikely that an equilibrium distribution of the sample 
in the manifold was reached. Further, sample loop sweepout took at least 30 seconds to 
complete, thus ensuring a minimum peak width of 30 seconds. This contributed to poor 
resolution of some peaks.
The new method of sample introduction is on-column injection, from a 5 ml gas 
syringe. This method ensures that the entire sample is placed on the column, and since 
injection occurs in approximately 0.5 seconds, the resulting peaks can be much narrower, 
allowing better resolution. Also, the pressure of the sample is known more accurately 
than with the previous method. There are some disadvantages to this method, however. 
The volume measurement necessary with the gas syringe introduces another 1 to 2 % er­
ror that was not present with the previous method, since it utilized a sample valve. More 
importantly, however, is the fact that one syringe sample can only be injected in one col­
umn, necessitating two separate injections for each sample for this work.
Since two separate injections are made by one operator, and both GC methods 
used are temperature programmed, two separate GCs are needed to allow simultaneous 
analysis of the samples. A description of the column arrangements in each GC is pro­
vided next.
One of the GCs (GC 1) is set up for the measurement of fixed gases using a TCD. 
Its target compounds are, as before, 02, N2 , CO, C02, and H2 , over a wide concentra­
tion range. A 4 m by 3 mm stainless steel Chromosorb 102 column (80/100 mesh) is 
connected to the septum port on this GC. This is followed by a 2 m by 3 mm stainless 
steel column filled with molecular sieve 5A (45/60 mesh). This column is in a series/by­
pass arrangement with the Chromosorb column, utilizing a Valeo 6  port Hastelloy valve. 
A flow restrictor balances the flow when the mole sieve column is switched out. This 
complicated arrangement is necessary to separate the five target compounds. The tem­
perature program calls for 35°C operation for 2 minutes, followed by a 10°C/minute tem­
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perature ramp to 100°C, which is then held for 1.5 minutes. Helium is the carrier gas, at a 
flow rate of 30 ml per minute. The injector body is held at 185°C.
The second GC (GC 2) is set up for quantification of hydrocarbons and chlori­
nated hydrocarbons (see Table HI-3). A single 3 m by 3 mm nickel column containing 
1% SP-1000 on Carbopack B (60/80 mesh) is used. The detector is a FID, and helium is 
used as the carrier gas at 45 ml/min, with H2  at 20 ml/min and air at 260 ml/min for the 
detector flame. The temperature program has a 2 minute hold at 35 °C, then ramps to 
131°C at 16°C/min, followed by a ramp to 187°C at 8°C/min, with a final ramp to 200°C 
at 12°C/min. A hold of 5 minutes duration at 200°C finishes the analysis. The injector 
body on this GC is held at 230°C.
This complex temperature program was developed to optimize separation in the 
shortest possible analysis time. Approximately 30 minutes is required for an analysis on 
GC 2, including cool down time, GC 1 has a 15 minute cycle.
Gas Sampling
The gas sampling manifold was redesigned to accommodate the use of the gas 
syringes. The new sampling manifold is constructed of Teflon, glass, and stainless steel 
and fastens to the microprobe with a Swagelok connector. It is illustrated in Figure III-6 . 
The purpose of the manifold is to allow control of the pressure in the probe by adjusting 
the needle valve, and to collect a sample at that pressure. The gas syringe is used for 
sample collection. The syringe is purged twice before collecting a sample. The 100 ml 
glass bulb damps pressure surges in the manifold and probe during this purging process. 
The pressure transducer allows measurement of the pressure in the gas syringe, which is 
still operated at 50 Torr absolute pressure.
The gas syringe used to collect the samples is a gas-tight 5 ml Dynatech Precision 
Sampling series A-2 syringe. It gains access to the manifold through a standard 0.953 cm 
septum.
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G_as Sample Collection and Analysis Techniques
The collection of a gas sample starts with translating the burner to place the probe 
in the desired location in the flame. The manifold is then evacuated and allowed to fill to 
approximately 50 Torr. The needle valve is adjusted to set the pressure at 50 Toir and the 
manifold is then purged for 5 minutes. A 5 ml syringe is then inserted through the septum 
port and purged twice. A 5 ml sample is then removed. This sample is then compressed 
to exactly 0.3 ml, raising the pressure to slightly over 1 atm. The syringe is allowed to 
come to room temperature and then "popped". This involves opening and closing the
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valve on the syringe rather rapidly in order to allow it to come to atmospheric pressure 
without losing sample by diffusion. The syringe is then compressed to raise the pressure 
to approximately 4 atm. It is injected into the septum on the GC and the valve is opened 
quickly and the syringe plunger pushed down. This ensures all the sample goes on the 
column quickly, giving the narrowest peaks possible. This process is repeated for the 
sample needed for the other GC, except for evacuating and purging the sample manifold.
Two types of calibration standards are currently used. Gas phase standards are 
made in 1 L glass bombs for compounds that are gases at standard temperature and pres­
sure (STP). Liquid phase methanol based standards are made in 30 ml amber glass bot­
tles for STP liquids. The gas phase standards are made by injection of known volumes of 
the target gases into the glass bombs. Liquid phase standards are made by injection of 
known volumes of target liquids into a known volume of methanol. All standards are 
quantified according to mole fraction. Gas standards are made at three levels; 20, 200, 
and 2000 parts per million (ppm) mole fraction for a 3.0 ml gas injection. Liquid stan­
dards are made such that a one microliter injection contains as many moles as a 10 , 100 , 
or 1000 ppm gas sample injection. Response factors are calculated based on area counts 
detected divided by the number of moles placed on the column.
The automated reduction of raw data to mole fractions is accomplished by a series 
of programs running on a Zenith Z-100 microcomputer. Mole fractions are delivered in 
near real time (2 minutes) after the completion of the analysis. A transfer program down­
loads the data from each analysis to the computer. Depending on whether the sample is a 
calibration or an unknown, different paths are taken. Calibrations are routed to storage 
files on a hard disk, and sorted by compound name. The response factor is calculated for 
each compound and included in the file. Unknowns are analyzed by reading a file that 
contains master response factor functions which are used to compute mole fractions. 
These master functions are calculated by manual manipulation and editing of the response
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factor files. The file for each compound is fitted to a curve to make an entry to the master 
function file.
Calibrations are performed for at least a two week period prior to each experi­
ment to establish a firm data base. Very few calibrations are performed on the day of the 
experiment because of time constraints, but several are performed the following day to 
ensure the non-varying nature of the response factors. The response factors have been 
found to remain constant over time-scales on the order of months, provided that the GC 
flow rates are not changed.
SYNOPSIS OF EXPERIMENTAL ERROR
DISTANCE MEASUREMENTS
Distance measurements in the flame are taken with a cathetometer which has an 
accuracy of 0.001 cm. The locations for mole fraction and temperature are made by sub­
tracting two distance measurements, so the accuracy of the cathetometer for those data is 
0.002 cm. For mole fraction data, three replicate measurements at each point are taken. 
The burner surface measurement has a typical standard deviation of 0.00176 cm. Since 
the burner location changes with each new sampling position, only three replicates are 
obtained for each location. This makes the standard error of the mean (or precision) equal 
to 0.00102 cm. The location of the gas sampling probe, in contrast, is stationary through­
out the experiment. A typical experiment will yield approximately 42 probe location 
readings. The standard deviation is 0.004385 cm, and the standard error of the mean is 
0.000677 cm. Total precision for a mole fraction location measurement is therefore the 
square root of the sum of the squares of the two standard errors, or 0 .0 0 1 2  cm.
The locations of the top and bottom of the luminous zones are typically taken ap­
proximately 14 times per flame. The standard errors of the mean for the top and bottom 
luminous zone measurements are 0.00126 and 0.00142 cm respectively. The precision of
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the locations of the top and bottom of the luminous zones is the square root of the sum of 
the square of that particular standard error, plus the square of the standard error of the 
burner surface measurement. This makes the precision of the measurements of the top 
and bottom of the luminous zone to be 0.0016 and 0.0017 cm respectively.
The spatial resolution of the cathetometer far exceeds the spatial resolution of the 
gas sampling probes. Since the probes draw in gas from a distance approximately two 
orifice diameters upstream from the tip (Milne and Greene, 1965), the resolution of the 
probe is on the order of two orifice diameters, or approximately 0.2 cm. The resolution of 
the cathetometer is, therefore, almost an order of magnitude higher than that of the gas 
sampling probe.
The location of the thermocouple bead is established in the same manner as mole 
fraction locations. However, only one measurement each of the bead and the burner sur­
face is made for each location. The precision of the burner surface measurement is ap­
proximated using the standard deviation from the mole fraction location, but with a sam­
ple size of one. This precision is 0.00176 cm. The standard deviation of the thermocou­
ple bead from several successive sightings is 0.0027 cm. Therefore, the precision of a 
thermocouple location is the square root of the sum of the thermocouple bead variance 
and the variance of the burner surface measurement, for a total of 0.0032 cm. Since the 
thermocouple beads themselves range in size from 0 .0 2  cm to 0.027 cm the spatial reso­
lution of the cathetometer is more than adequate.
TEMPERATURE MEASUREMENTS
The accuracy of the potentiometer used to take temperature measurements is ap­
proximately 1 K. The precision of temperature measurements varies considerably. In a 
typical flame, replicate pairs of temperature readings had standard deviations ranging 
from 0 to 16 K, with an average of 6  K. Part of the error is due to repositioning the 
thermocouple probe. These readings were not taken consecutively, that is, the probe was
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moved to other locations between the two measurements. The steep gradients within the 
flame zone can lead to large discrepancies if the previous location of the probe is missed 
by a very small amount. A larger thermocouple bead (0.0272 cm, instead of 0.021 cm) 
had considerably more scatter, and exhibited an average of 2 2K standard deviation for 
pairs of replicate measurements.
The accuracy of the calculated gas temperature is difficult to ascertain. Some 
light can be shed by considering the differences between the gas temperatures calculated 
for two different size beads. The standard deviation for pairs of replicates (one measure­
ment taken with each size bead) exhibits a range from 7 to 32 K. A comparison of the 
calculated gas temperatures obtained with the larger bead and a curve fitted to those from 
the smaller bead was performed (see Appendix II). The mean difference between the 
calculated gas temperatures obtained from the two sizes of beads was essentially zero. 
No significant, systematic variation was noted between gas temperatures calculated from 
measurements taken with different bead sizes. By extension, we can assume that the ac­
curacy of the radiation correction algorithm is within approximately 35 K.
MOLE FRACTION MEASUREMENTS
The accuracy and precision of the gas analysis system used for Flames 1,2, and 3 
have been previously described by Senser (1985) and Senser and Cundy (1987). A brief 
summary will be provided here for completeness. The accuracy of the mole fraction mea­
surements is a combination of the accuracy of the calibration standards and the accuracy 
of the injection technique. The accuracy is estimated to range from ± 5% for fixed gases, 
hydrocarbons, and lightly chlorinated hydrocarbons up to ± 2 0 % for heavy chlorinated 
hydrocarbons.
Method detection limits (MDL) are defined by Longbottom and Lichtenberg 
(1982) as the minimum compound concentration that can be analyzed and reported with 
99% confidence that the concentration is greater than zero. The MDLs for this analysis
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method are 125, 600, and 1500 ppm for C02, CO, and 0 2  respectively. For compounds 
analyzed with the FID, MDLs range between 1 and 4 ppm, except for CC14, at 8 ppm. 
The coefficients of variation of mole fraction measurements range between 0.5 and 4 per­
cent, except for CCI4  at 8 percent
Method detection limits for the new gas analysis techniques are given in Table Hi­
ll. Typical coefficients of variation are also included. For all compounds under study, 
the coefficients of variation are independent of sample concentration with the new tech­
nique. This indicates that previous problems with sample absorption and/or uneven sam­
ple distribution in the sample loops have been resolved. All response factors are linear. 
That is, the response generated by the GC (area counts) always is in the same proportion 
to the number of moles of a compound injected. The response factor is given by:
„  r „ Number of moles /TTT ,,
Response factor = Areacouiits (m ' 1>
The current MDLs do not represent an improvement over the previous, except for 
CO and CO2 . The most probable reason for the rise in MDLs is because of the additional
1-2% error generated by the GC operator when measuring the injected syringe volume.
In spite of the higher MDLs, a number of improvements to the gas analysis have 
resulted from use of the new procedure. The new GC methods have eliminated two 
problems completely: 1) the loss of sample by absorption in the GC manifold, and 2) un­
equal sample distribution. The response factors of the GCs are now a much better known 
quantity. Since all response factors are linear, calibrations performed at concentrations 1 
- 2  orders of magnitude away from the unknown sample concentration are as usable as 
those performed at exactly the same concentration. With the previous method, response 
factors were non-linear, and calibrations had to be performed at concentrations closely
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bracketing the unknowns. This led to fewer calibration results used for any given sample, 
with a concomitant decrease in the accuracy of the results.
Table IH-II Method Detection Limits 
(0.3 ml sample, 296 K, 1 atm)
Compound MDL(ppm) Coefficient of Variation
CH4 3.0 3.9%
C2H2 3.5 4.0%
C2H4 0.3 0.34%
C2H6 0.4 0.44%
CH3C1 1.8 1.3%
CH2C12 11.4 3.3%
CHC13 10.6 4.9%
CC14 7.7 3.5%
1,1 C2H2C12 7.0 3.4%
1,2 C2H2C12 7.3 3.5%
C2HC13 7.3 3.4%
C2C14 14.7 5.7%
1,1 C2H4C12 6.4 3.1%
1,2 C2H4C12 6.9 3.1%
1,1,2 C2H3C13 6 .6 3.1%
1,1,1,2 C2H2C14 10.7 5.2%
CO 80 9.5%
C02 86 12.6%
0 2 4900
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The difficulty of the previous method of constructing standards led to prolonged 
use of standards and did not readily allow the use of duplicate standards. Currently, a 
duplicate standard is made for each main standard. This allows a check on the integrity 
of the standards. The new standards also do not suffer from possible absorption of com­
pounds on the container walls, since they are in the liquid phase and contain many more 
moles per unit surface area of the container than the former standards.
The only significant problem with the new GC techniques is the measurement of
02- Room air (or tramp air) is trapped in the needle of the gas syringe and is then ex­
pelled into the column. If the sample volume is large enough compared to the needle 
volume, this is not a problem. However, the current sample size (0.3 ml) is small enough 
such that the tramp 02 to be subtracted is 2.182% mole fraction. The standard deviation 
of the tramp 0 2  mole fraction was 0.13% during calibration, giving an MDL of 4900 
ppm. This is certainly not optimal, but is workable, becoming troublesome only in the 
fuel rich flames, where O2  measurements of 0.25% mole fraction or less are obtained in 
the flame.
The standard deviations and coefficients of variation of mole fraction measure­
ments are higher in the actual flame measurements than in the calibrations. This is due to 
a number of factors including flame stability, reproducibility of previous sampling loca­
tion (probably the greatest source of error), and possible probe effects. Unfortunately, 
due to the difficulty of sampling in these flames and the desire to obtain as much infor­
mation about each flame as possible from a finite number of samples, there are only a 
small number of duplicate mole fraction analyses.
Of the limited number of replicates available from the flame samples, some typi­
cal coefficients of variation will be given. Compounds detected with the TCD had 
coefficients of variation from 2 % (N2 ) to 12% (CH4 ), excluding O2 . Compounds mea­
sured with the FID had coefficients of variation ranging from 2% (CHCI3 ) to 20%
(C2 HCI3 ), excluding C2 H2 . Acetylene had a very high coefficient of variation of 35%, 
which is probably an anomaly, since the coefficients of variation for C2 H4  and C2H6 
were approximately 12 percent. Carbon tetrachloride had a coefficient of variation of 12 
percent. Several compounds had undefined coefficients of variation because they were 
detected in one sample and not detected in a second sample. These replicates were not 
made consecutively (samples at other locations were taken between the replicates). That 
fact, in conjunction with the low levels detected among those compounds, explains why a 
compound might only be detected in one of the two replicates.
Oxygen measurements made in replicate samples are not as good. As previously 
discussed, 0 2  mole fractions are the measured mole fraction minus 0.02182 due to needle 
tramp air. The standard deviation for the amount subtracted during calibration analyses 
was 0.13%, as mentioned previously. However, in the flame samples, the standard devi­
ation of 02  measurements becomes much larger, ranging from 0.3% to 1.6% mole frac­
tion. Therefore, the precision of 0 2  samples in the flames is worse than in the calibration 
analyses. The reason for this is thought to be operator dependent, since the O2  left in the 
syringe depends greatly on the injection technique.
The new sample analysis techniques represent an improvement over the previous 
techniques in many ways. The uncertainty in the accuracy of the standards from absorp­
tion on container walls has been eliminated. Loss of sample due to absorption in the 
manifold and the problem of unequal sample distribution in the manifold have been 
eliminated.
However, some problems remain with the new technique. One problem is sample 
"lost" in the syringe. Each syringe has a volume that is unswept or "dead" . When the 
sample is injected into the GC, the sample in those areas is not pushed onto the column 
but Temains in the syringe. Because flame samples are taken at 50 Torr absolute pressure, 
large syringes must be used. However, when the sample is compressed to one atmo­
sphere only a small portion of the syringe is occupied. The unswept volume in the sy­
76
ringe is then a large percentage of the sample size. Since the amount of sample "lost" is 
highly dependent upon operator technique, the amount of the "lost" sample can vary. A 
solution to this problem is to have the sample volume comprise a much larger percentage 
of the syringe. This can only be accomplished by raising the sample pressure in the 
sample manifold to atmospheric pressure.
Raising the sample pressure will also reduce the second problem with the new 
techniques, that of tramp 02  in the sample. The smaller the needle size is compared to 
the sample size (at atmospheric pressure) the less of a problem the tramp O2  will present.
The process of raising the sample pressure will probably not be trivial. However, 
an arrangement utilizing a large gas syringe on the manifold with one additional valve 
may work. This is illustrated in Figure HI-7. To take a sample, the current procedure is 
followed, with the new valve between the probe and gas syringe open. This valve is then 
closed, and the 100  ml syringe is compressed until atmospheric pressure is reached in the 
manifold. The sample is then taken at atmospheric pressure. Previous experience with 
incinerator sampling has demonstrated the advantages of atmospheric pressure samples 
(Cundy, etal., 1988, 1988a, 1988b). Further discussion on atmospheric pressure samples 
is provided in the second paper in Chapter IV.
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CHAPTER TV EXPERIMENTAL RESULTS
The results of the experimental work are presented in two papers to be submitted 
to Combustion Science and Technology. These results consist of mole fraction and 
temperature measurements for a series of five CCl4/CH4/air flames, and selected net re­
action rates derived from that data. In order to discuss the logic behind the five flames, it 
is necessary to define the stoichiometry of a CCl4 /CH4/air flame (Bose and Senkan, 
1983):
CH4 + (Cl/H) CCI4  + 2 0 2  = ( 1+C1/H) C0 2  + ( 4  Cl/H) HC1 + (2 -2  Cl/H) H2  (IV-1)
where the Cl/H is the atomic chlorine to atomic hydrogen ratio in the fuel mixture and the 
Cl/H < 1. The equivalence ratio (<()) is defined as the fuel to oxygen ratio in the reactant 
mixture divided by the stoichiometric fuel to oxygen ratio. The term fuel here includes 
both CH4  and CCI4 .
These two flame parameters (Cl/H, <J>) are the only two parameters that can be 
varied. A systematic variation of these parameters allows determination of the effects on 
each on the flame structure. Each parameter was varied in turn over as wide a range as 
possible while holding the other parameter stationary. The limits on variation were the 
limits of stability on the flat flame burner. The resulting test matrix appears below, with 
the flame numbers (1 - 5) in the order that the experiments were performed.
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Equivalence Ratio (<J>)
0.8 1.0 1.2
0.07
Cl/H 0.3 
0.6
4
3 1 2
5
The first paper deals with three flames of varying <J) at constant Cl/H ratio. The 
three flames have equivalence ratios of 0.76,1.02, and 1.17 at a CI/H of 0.3. The second 
paper deals with three flames with varying Cl/H ratio at a constant <f>. The three flames 
have CI/H ratios of 0.073,0.34, and 0.61 at a 0 near unity.
The notation for the flame numbers have been changed in the papers for clarity. 
For reference purposes, Flames A, B, and C in the first paper are actually Flames 3,1, and 
2 respectively (see previous diagram). Flames A, B, and C in the second paper are actu­
ally Flames 4,1, and 5 respectively.
CHEMICAL SPECIES, TEMPERATURE, AND NET REACTION RATE 
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ABSTRACT
Stable species mole fraction and temperature profiles are presented for a series of 
three laminar, atmospheric pressure CCL)/CH4/air flames. The Cl/H ratio is held constant 
at 0.3, while the equivalence ratio ranges from 0.76 to 1.0 to 1.17.
Gas samples are taken with uncooled quartz microprobes and analyzed by gas 
chromatography. Temperature measurements are taken with 0.02 cm thermocouple beads 
made from Pt and Pt-13% Rh wire.
Net reaction Tate profiles are generated for CH4  and CCI4 . Peak net reaction rates 
are seen to correlate with the overall level of destruction for CH4  and CCI4 . A fuel rich 
environment produces the highest net reaction rate for CCI4  and results in both a high 
level of CCI4  destruction and a high level of chlorinated stable intermediate destruction.
82
INTRODUCTION
The management of hazardous waste is a critical environmental issue in the late 
1980s. While a number of management strategies exist, they all fit into three categories: 
waste reduction at the source, recycling, and disposal. While the first two options are 
more desirable from an environmental standpoint, they will not solve the problem in the 
near term. Therefore, most hazardous waste is managed by disposal, whether by storage 
or by a conversion/concentration process, such as incineration or biological degradation. 
Incineration has emerged as the preferred option for the disposal of much of the haz­
ardous waste generated today.
Since little is understood about the combustion chemistry of most hazardous 
waste, incinerator design and operation are governed primarily by "rules of thumb”. Our 
current knowledge base does not allow the a priori prediction of incinerator performance 
under a given set of new operating conditions. The overall goal of a research project in­
volving the United States Environmental Protection Agency (USEPA), Louisiana State 
University (LSU), the University of Utah, and the Louisiana Division of Dow Chemical 
Company, U.S.A. is to provide a rudimentary model for predicting incinerator perfor­
mance (Cundy, et al., 1988, 1988a, 1988b). Such a model is very complex, including 
fluid flow, heat transfer, bed desorption and chemical reaction phenomena. One critical 
component of the model that is poorly understood is the chemical kinetic model. A ki­
netic model that will be used in conjunction with an incinerator flow field and heat trans­
fer model must be appropriately sized. The model must be large enough to describe the 
salient features of the combustion chemistry, but small enough to give a reasonable com­
putational time to convergence. The model should include both flame and non-flame ki­
netics. Others have reported non-flame kinetics (Dellinger, et at., 1984). This communi­
cation reports flame-mode experimental work that will form the basis for the flame-mode 
model for CCI4  combustion.
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A considerable number of experimental studies have been performed with halo- 
genated hydrocarbons, which form a large subset of incinerable hazardous waste. A 
comprehensive review of these was provided in Senser, et al. (1987). At least four ex­
perimental studies of note have appeared since that time. Three of them involve study of 
the thermal decomposition of mixtures of chlorinated hydrocarbons in small bore quartz 
tubes under non-flame conditions at the University of Dayton Research Institute. Gra­
ham, etal. (1986) present thermal decomposition data for a four-component mixture in 
toluene, while Hall, et al. (1986) show data for a twelve-component mixture. It was ob­
served that CO concentrations did not correlate well with gas phase destruction efficien­
cies. A thorough discussion of possible decomposition initiation reactions was also 
given.
The third study in this group (Taylor and Dellinger, 1988) deals with the thermal 
degradation of all four chloromethanes and their mixtures, under near pyrolytic and very 
fuel-lean conditions (equivalence ratio = 0.05). Under both pyrolytic and oxidative 
conditions, chloroform (CHCI3 ) was the most fragile molecule, and methyl chloride 
(CH3CI) was the least fragile. The fragility of dichloromethane (CH2 CI2 ) and CCI4  var­
ied, depending on the temperature. All compounds were more easily destroyed under 
oxidative conditions. One interesting finding showed, that under oxidative conditions, 
the thermal stability of all compounds in a mixture is greater than the pure compound sta­
bilities. This is attributed to the formation of waste molecules as stable intermediates 
during the destruction of other wastes. This paper also presents a large body of informa­
tion concerning the initiation reactions and stable intermediate formation reactions. Un­
der oxidative conditions, OH radicals are mostly responsible for initiation reactions, while 
Cl radicals precipitate pyrolytic conditions.
The fourth study, by Karra and Senkan (1987), involves the combustion of 
CH4/02/Ar and CH3Cl/CH4/02/Ar mixtures under sooting conditions. The equivalence 
ratios (<(>) were 2.05 and 2.00 respectively. Stable species and temperature profiles are
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provided, along with calculated H2O, H2 , and HC1 profiles. It was noted that CO oxida­
tion was delayed in the chlorinated flame. No CH3 CI breakthrough from the flame zone 
was observed, but considerable CH4  breakthrough was observed in both flames. The 
easy destruction of CH3 CI in this study seems to contradict the earlier study of Miller, et 
al. (1984) who observed CH3CI breakthrough in slightly fuel rich systems on a flat flame 
burner. Karra and Senkan attribute this phenomenon to possible flame-probe interactions 
in the Miller study, based on how easily CH3 CI is destroyed in their flames. However, 
given the importance of the reaction:
H + CH3CI = CH3 + HC1 (Rl)
in a system containing CH4 , the complete and early destruction of CH3CI in a very fuel 
rich system is not surprising.
The results of such lab-scale studies are needed for full-scale incinerator modeling 
efforts that are currently underway at Louisiana State University and the University of 
Utah (Jang and Acharya, 1988 and Silcox and Pershing, 1988). One of the most critical 
needs for modeling full-scale incinerators is reliable kinetic data, for both flame mode and 
non-flame-mode conditions. The kinetic data provided by Dellinger, et al. (1984) are 
non-flame-mode data. Two separate attempts to model pilot-scale rotary kilns using only 
this non-flame-mode kinetic data failed, even though flow and temperature fields were 
matched almost perfectly, (Clark, et al., 1984 and Wolbach and Garman, 1984). These 
attempts demonstrate the need for flame-mode kinetic data, in addition to the non-flame 
mode-data. The problem with flame mode experimental data is that information about the 
kinetic rates is usually not provided, and can only be extracted from the data with great 
difficulty, if  at all. The intent of this communication is to present experimental 
CCl4/CH4 /air flame mode data and to discuss the extraction of kinetic data from it that
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may have immediate application. A discussion of how simple kinetic models might be 
constructed using that kinetic information is also provided.
EXPERIMENTAL SYSTEM AND TECHNIQUES
Several previous publications have described in detail the experimental equipment 
and techniques used (Cundy, et al., 1986, Senser, et al., 1985, and Senser and Cundy, 
1987). A summary is provided here for completeness and to detail recent modifications.
The central feature of the facility is the 6.0 cm diameter flat-flame burner used to 
stabilize the flames. This is housed in a 15.2 cm, 4-port Pyrex cross. Feedstocks are me­
tered through rotameters and mass flowmeters and supplied to the burner in gaseous form. 
The burner is water cooled to facilitate stabilization of flames of widely varying burning 
velocities. The flames are studied at approximately one atmosphere pressure.
Gas samples are obtained using gas sampling microprobes that are constructed of 
quartz and use aerodynamic quenching to freeze species in the sample. The typical probe 
orifice diameter is 75 microns. Gas samples are collected in evacuated 100 ml glass bulbs 
connected to the gas sampling manifold. Samples are removed when the pressure in the 
bulb reaches 50 Torr.
Temperature measurements are obtained using a thermocouple rake that extends 
into the flame zone. The thermocouple beads are approximately 0.02 cm in diameter, 
constructed of uncoated 0.013 cm platinum and platinum-13% rhodium wire, according 
to methods previously described (Cundy, et al., 1986). Measured temperatures are cor­
rected for radiation losses using the method described by Senser (1985). The accuracy of 
the corrected temperatures is estimated to be within 35 K.
The profiles of dry mole fraction and temperature versus height above the burner 
are generated by holding the probes stationary and translating the burner. Relative dis­
tance is determined by measuring the positions of the burner surface, thermocouple bead, 
and gas sampling probe tip with a precision cathetometer. The accuracy of the
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cathetometer is ±0.001 cm, with a standard error of ±0.0017 cm for gas sample locations 
and ±0.0037 cm for thermocouple locations. There are fewer replicates made of the 
thermocouple bead, giving it a larger standard error.
Gas samples are analyzed using a single gas chromatograph (GC), with a dual 
column method to allow simultaneous measurements of fixed gases, hydrocarbons, and 
chlorinated hydrocarbons. Of the latter two groups, only molecules containing one or 
two carbon atoms can be detected. Samples are introduced to the GC by connecting the 
sample bulb (at 50 Torr absolute pressure) to an evacuated manifold containing two 5 ml 
sample loops. A 10 port valve switches the sample loops into the carrier flow and the 
sample is swept onto the columns. Twenty two compounds are targeted for identification 
and quantification. Total analysis time per sample is 40 minutes. Calibration of the gas 
chromatographs is done by injecting gas-phase calibration standards of known quantity. 
Gas standards are prepared at the 10, 100, and 1000 ppm levels in Helium, using the par­
tial pressure method. The accuracy and precision of the GCs are detailed by Senser and 
Cundy (1987). Method detection limits as defined by Longbottom and Lichtenberg 
(1982) are between 1 and 4 ppm except for CCI4  which has a method detection limit of 8 
ppm. Typical coefficients of variation at 30 ppm are between 0.5 and 4% except for 
CCI4 , which is 8 %. The accuracy of the GCs depends upon the combined error in the 
calibration standards and sample injection. This accuracy ranges from ±5% for fixed 
gases and hydrocarbons to ±2 0 % for heavily chlorinated compounds.
EXPERIMENTAL RESULTS
Three CILj/CCLj/air flames of varying equivalence ratios were studied. The stoi­
chiometry for these systems is given as (Bose and Senkan, 1983):
CH4  + (Cl/H) CCI4  + 2 O2  = ( 1+C1/H) C02 + ( 4 Cl/H) HCI + (2-2 Cl/H) H2 O (1)
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where the Cl/H is the atomic chlorine to atomic hydrogen ratio in the fuel mixture and the 
Cl/H < 1.
The equivalence ratio is defined as the actual fuel to oxygen ratio divided by the 
stoichiometric fuel to oxygen ratio. For these three flames, the equivalence ratio was 
varied from 0.76 to 1.0 to 1.17, while the Cl/H ratio was held constant at 0.3. The flames 
are labeled A through C, in order of increasing equivalence ratio. The intent of this study 
was to determine the effects of changing equivalence ratio on the structure of the flames. 
Table I summarizes the parameters of the flames that were studied. It should be noted 
that Flame B has been previously discussed in Cundy, et al. (1987) and is included here 
to complete the series of variable <|> at constant CI/H ratio.
The flames studied here are at atmospheric pressure. While low pressure flames 
would reduce the gradients in the flame and thereby reduce the effects of diffusion, there 
are at least two reasons for studying atmospheric pressure flames. The first is the diffi­
culty of stabilizing low pressure flames on the flat flame burner over the desired range of 
The second is that decomposition reactions for C2  species have rates that are pressure 
dependent (Karra and Senkan, 1987). Since incinerators are operated at close to atmo­
spheric pressure, it is pmdent to stabilize the flat flames at one atmosphere.
Flame A mole fraction data are shown in Figures 1 - 3, and temperature data are 
shown in Figure 10. The symbols are data points and the solid lines are the profiles 
drawn for the net reaction rate analysis. The location of the luminous zone is shown in all 
plots as a thick, solid line. For this flame, the Cl/H = 0.32, and <(> = 0.76. The luminous 
zone for this flame is relatively thin (0.063 cm thickness). The peak temperature mea­
sured in this flame is 1874 K, while the adiabatic flame temperature of 1992 K is 
dramatically lower than for Flames B and C. This is due to the presence of a large quan­
tity of excess 0 2  and accompanying N2 . The difference between the measured peak 
temperature here and the adiabatic flame temperature is much less than for Flames B and 
C, because of reduced heat losses.
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Methane and CCI4  are both completely converted by a point approximately 0.1 
cm from the burner. Carbon monoxide is still dropping at 0.4 cm distance, indicating that 
the C-0 system is not at equilibrium.
Stable intermediate compounds in chlorinated flames can be classified as one of 
two types: type A or type B (Senser, et al., 1985a). Type A compounds form and peak 
early in the flame, and then decompose rapidly and completely. All but two stable 
intermediates in Flame A are type A. Type B compounds, in contrast, typically form later 
in the flame, build to a peak, and then undergo some decomposition. At some point, the 
decomposition process stops, and the compound persists at a finite level into the post­
flame region. The two type B compounds in Flame A are CHCI3 and C2 HCI3 . 
Trichloroethylene reaches a stable value of approximately 2 ppm in the post-flame, while 
CHCI3  stabilizes at about 30 ppm. All of the type A stable intermediates break at 0.1 cm, 
falling from a finite value to a value not detectable by the GC. An anomaly is observed at 
the second data point. The values of C2 HCI3 and 1,1,1,2 C2H2 CI4  are very much lower 
than would seem reasonable, based on the remainder of their profiles. The reason for this 
is unexplained. No other compounds exhibited this behavior.
Flame B, with Cl/H = 0.337 and <}> = 1.02, has mole fraction data shown in Figures 
4-6. Figure 10 depicts the temperature measurements. Fiame B had a luminous zone al­
most identical to Flame A in thickness (0.069 cm in thickness) It demonstrated the high­
est peak temperature of the three flames (1907 K), as well as the highest adiabatic flame 
temperature (2239 K). The heat losses to the burner cooling water were also the highest 
for this flame.
Methane was completely destroyed relatively early in the flame, while CCI4  per­
sisted to the end of the post-flame zone at 8-10 ppm. Chloroform is also present in the far 
post-flame zone at approximately 10  ppm. Carbon monoxide is still dropping and CO2  is 
still rising in the post-flame zone, indicating that equilibration of the C-O system has not 
occurred even at 0.6 cm above the burner. In this flame, all stable intermediates except
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chloroform exhibit type A behavior. Chloroform, in contrast, exhibits type B behavior. 
The stable intermediate compound present in the largest quantity is 1,1 dichloroethylene 
(C2 H2 CI2 ), which peaks at approximately 0.45 mole percent.
The Flame C mole fraction data and temperature data are shown in Figures 7-10. 
The Cl/H ratio for this flame is 0.31, and <J> = 1.17. This flame had a very thick luminous 
zone (0.108 cm). The peak measured temperature in this flame is 1875 K, which is only 
about 30 K lower than in Flame B. The adiabatic flame temperature for Flame C is 2189 
K. The difference between the measured peak temperatures and the adiabatic flame 
temperatures is about the same for both Flames B and C. The heat loss to the burner 
cooling water for Flame C, however, is only one half that of Flame B.
As expected in a fuel rich flame, the oxygen is consumed shortly after the top of 
the luminous zone. The oxygen data point at 0,25 cm appears to be out of line. This is 
due to the fact that the 0 2  measurements are obtained by subtracting Ar from a combined 
02  and At peak. When the 02  drops to very low levels, a small eiror in the overall mea­
surement results in a large error in the O2  measurement. The CO and CO2  profiles are 
almost level soon after the top of the luminous zone, indicating that the C-0 system is 
equilibrating faster than in Flame B, All of the CCI4  has been destroyed by the end of the 
luminous zone, but CH4  has not been consumed until well after this point. All 
intermediate products exhibit type A behavior. The peak measured value of 1,1 C2 H2 CI2  
is high in this flame also.
Variation of <|> at Constant Cl/H: Mole Fraction Measurements
A number of interesting comparisons can be made among the three flames. 
Methane was decomposed below the level detectable by the GCs in all three flames. 
However, it persisted longest in Flame C, as illustrated in Figure 11. The symbols are 
data points and the solid lines are shown only to improve visualization. The overall lev­
els of CCI4  destruction for Flames A, B, and C were 100%, 99.97%, and 100% by mass
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respectively. In Flames A and C, no CCI4  was detected in the post-flame, giving 100% 
mass destruction of the CCI4  in the reactant stream. In Flame B, there was 0.03% of the 
reactant mass of CCI4  left in the post-flame. The observed tailing of CCI4  in the post­
flame zone in Flame B (see Figure 12) indicates that the conversion process had slowed 
considerably or even stopped.
The two types of stable intermediates produced in the flame (types A and B) were 
mentioned previously. Flame A, with <j> = 0.76, had two type B stable intermediates, 
CHCI3  and C2 HCI3 (see Figures 13 -14). Flame B, with <j) = 1.02, had one type B stable 
intermediate, CHCI3 . Flame 2, with <j> = 1.17, had no type B stable intermediates. Thus a 
fuel rich environments may selectively accelerate the destruction of more heavily chlori­
nated compounds, and may be due to a greater number of hydrogen atoms which abstract 
chlorine atoms. This phenomena has been reported previously for a CH4 /CH2 Cl2/air 
system (Cundy, etal., 1986a).
The comparison of peak measured concentrations of stable intermediates provides 
a mechanism forjudging the differences between flames. All measured stable intermedi­
ates demonstrate peak measured values that are highest in Flame C , followed by Flame B 
, and then Flame A. Partly, this reflects the dilution by additional O2  and N2 . However, 
in Flame C, the peak values of several compounds are much higher than explainable by 
dilution, considering Flame A as the base case. Compounds that peak at an unusually 
high level in Flame C are C2 H2 , CHCl3 )C2 H3 Cl, 1,1 C2 H2 CI2 , 1,2 C2 H2 CI2 , and 
1,1,1,2 C2 H2 CI4 . For Flame B (using Flame A as the basis), only C2 H2  is present in 
larger quantities than would be expected from dilution. However, CHCI3 , C2 H4  and 
C2 H6  are present in lesser quantities. No clear trends are discernible with variation of <{>.
The final comparison to be made is of the post-flame decay of the stable 
intermediates. With the exception of CHCI3 and C2HCI2 , the decay of the intermediates 
is slowest in Flame C. Flame B and Flame A exhibit progresively more rapid decay.
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Chloroform and C2 HCI3 , however, experienced their fastest decay in Flame C, with 
slightly slower decay in Flame B and much slower decay in Flame A.
The comparison of post-flame decay coupled with evidence showing that CHCI3 
and C2 HCI3 are type B stable intermediates in the fuel-lean flame only, demonstrates that 
the overall decomposition of these two intermediate compounds is enhanced in a fuel rich 
environment. This does not appear to hold for other compounds that are either more or 
less heavily chlorinated. The underlying mechanisms behind these phenomena are not 
yet understood; however, their importance is clearly significant for understanding incin­
eration systems processing chlorinated compounds. The role of these two intermediate 
compounds cannot be ignored in any realistic decomposition model concerned with pre­
dicting emissions under a variety of operating conditions.
EQUILIBRIUM CALCULATIONS
Equilibrium concentrations were calculated by Professor David Miller 
(Mechanical Engineering Department, Drexel University) using the thermochemistry he 
compiled (Miller, 1984) and the computer program of Gordon and McBride (1971). Ta­
bles II - IV show the equilibrium results for each flame. The second column shows nor­
malized experimentally measured post-flame mole fractions for several compounds of 
this work. The values for HC1 and H2 O are calculated from atom balances. The third 
column lists the adiabatic flame temperature and the equilibrium mole fractions at that 
temperature. The next two columns list equilibrium values for two temperatures that 
bracket the measured temperature of the post-flame zone.
A number of compounds (225) were considered as possible equilibrium products 
by the program, but only about 30 were present in quantities larger than one part per bil­
lion (ppb). No hydrocarbon or chlorinated hydrocarbon was present at more than the one 
ppb level. It can be concluded, therefore, that the presence of measurable quantities of 
hydrocarbons or chlorinated hydrocarbons in the post-flame regions of any of these
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flames is not due to equilibrium constraints, since they will all be below the ppb level at 
equilibrium. Rather, their presence in the post-flame region is because of kinetic limita­
tions.
The equilibrium concentrations of several radicals at post-flame temperatures are 
also given. The equilibrium values of the Cl, H, O, and OH radicals are monotonic func­
tions of equivalence ratio over the range studied here. As equivalence ratio increases, the 
concentration of H radicals increases, and the concentrations of Cl, O, and OH radicals 
decrease. Understanding the role that radicals play in CCI4  destruction is crucial to mod­
eling of the process. However, in the flame zone the concentration of the radicals will be 
different than their equilibrium values, although the trends with (j> are probably similar.
A comparison of measured post-flame mole fractions with calculated equilibrium 
values provides a check on the experimental data. For Flame A, the measured post-flame 
N2  mole fraction is 0.2% from the calculated equilibrium value. The measured CO value 
is slightly higher than the equilibrium value, but this is probably because the C-0 system 
is not yet at equilibrium, and CO would be lower if measured at a more distant location. 
Carbon dioxide and O2  have measured post-flame values 8 - 9% higher than the calcu­
lated equilibrium values. These errors by themselves are larger than the experimental er­
ror, but they are actually a summation of three possible errors. Possible errors could oc­
cur in the measurement of reactant mole fractions, the measurement of CO2  and O2 , and 
the measurement of N2 - The measured values listed are normalized values, such that the 
sum of the mole fractions is unity. Therefore, they are strongly dependent on the N2 
measurement. For example, if CO2  and O2  are measured 4% high, and N2  is measured 
4% low, when the values are normalized, N2  will be at the correct value and CO2  and O2  
will be 8 % high. Therefore, with a precision of roughly 5% on all mole fraction mea­
surements, 8 -9%  error for comparison of post-flame measurements and calculated values 
for CO2  and 0 2  is not unreasonable.
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The measured post-flame mole fractions in Flame B match the calculated equilib­
rium values almost perfectly. In Flame C, the measured post-flame mole fractions are 
within 3.5% of the calculated equilibrium values. That is well within experimental error.
PHILOSOPHY OF MODEL BUILDING
As previously discussed, a realistic kinetic model that has near-term utility must 
be appropriately sized. One step global models may be too simple to provide reliable 
prediction within a flame zone, however, they may be useful in the absence of more so­
phisticated models. Detailed models will not converge rapidly enough to be of any prac­
tical use in an incinerator code. A middle-ground solution is available in the form of a 
semi-global model as described by Fristrom and Westenberg (1965). This model con­
sists of a small number of rate limiting reactions. An example of this was given by Peters 
and Kee (1987), who provide an elegant four step model for CH4  oxidation. There are at 
least two basic approaches to building such a model. Both rely on flame data. The first is 
the "top-down" approach, wherein a detailed chemical kinetic set is first constructed that 
will match available data. This set is then pruned down to a more reasonable size by re­
moval of unnecessary reactions. Then the methods of Chen (1988) can be used to pro­
duce a reduced reaction set or semi-global model. The second approach is to derive net 
reaction rates from the experimental data and build a reduced reaction set by a combina­
tion of empirical formulas, equilibrium assumptions, and known chemistry. The disad­
vantages of this approach are clear: net reaction rates are obtained from second deriva­
tives of mole fraction data, which magnifies errors in the experimental data; and radical 
concentrations must be estimated if they are not measured in the original flame data. 
However, such a model can be constructed much more quickly than a reduced set taken 
from a detailed kinetic model. The results of such a model must then be very carefully 
interpreted.
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The uncorrected data from the flames (dry mole fraction and temperature versus 
height above the burner) are transformed into kinetically useful information by calculat­
ing the net reaction rate profiles of selected species in each flame. The basic procedure is 
described by Fristrom and Westenberg (1965). This process is initiated in this work by 
digitizing the mole fraction and temperature data and then interpolating to give 100  points 
for each compound, spaced at even intervals of height above the burner. For several 
compounds, it was possible to fit the experimental data to polynomial functions instead of 
relying on the digitized data. The next step is to estimate the mole fractions of HC1 and 
H2 O, since they are not measured, and then normalize the mole fractions at each data lo­
cation so that the sum of the mole fractions always equals unity. The sum of the mole 
fractions as measured will generally not equal unity, as it should by definition, due to un­
avoidable experimental error. Normalizing the mole fractions thus makes the data inter­
nally consistent, After normalization, the profiles are smoothed. Mixture diffusion coef­
ficients are calculated using binary diffusion coefficients obtained from the TRANFIT 
computer program (Kee, et al., 1983). The diffusion velocity is added to the bulk gas 
velocity to give the true velocity of a compound at a particular location, and the net mass 
flux fraction profile of that compound. The derivative of the smoothed mass flux fraction 
profile gives the net reaction rate profile, which is the desired result. However, two fac­
tors enter that make this analysis difficult. Calculating the mole fractions of HC1 and 
H2 O is an iterative process. This is because only their mass fluxes (not mole fractions) 
can be calculated by element conservation, and these calculations involve diffusion ve­
locities, which depend upon mole fractions. Hence, the mole fractions of HC1 and H2 O 
cannot be calculated a priori. Furthermore, the mole fraction profile may need to be 
shifted relative to the temperature profile, since the gas sampling probe actually samples 2 
to 3 diameters upstream of the probe tip, while the temperature measurement is taken at 
the immediate bead location. These two conditions form nested iterative loops in the cal­
culation of the net mass flux fraction profiles.
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RESULTS OF NET REACTION RATE ANALYSIS
The net reaction rate profiles for CH4  and CCI4  appear in Figures 15 - 17. A 
number of interesting features are noted, and each will be discussed. Due to the nature of 
the net reaction rate analysis procedure, small errors in the measured data become mag­
nified in the net reaction rates. This problem can be minimized with data sets that include 
several replicates at each location in the flame and have a large number of sampling loca­
tions across the flame zone, especially in areas of steep gradient. The sets used in this 
study did not meet either of these qualifications due to the difficulties encountered in col­
lecting the data. A single experiment yields only 12 -14 data points over an 18 hour pe­
riod. (This time includes sampling of reactant composition and cleanup.) One week is 
the minimum turnaround between experiments and does not include allowance for repair 
of the experimental facility. In light of the limited data used for the net reaction analysis, 
only a qualitative assessment is being offered at this time.
For Flame A, the reaction rates of CH4  and CCI4  peak at about the same location 
in the flame, with CCI4  peaking slightly before CH4  (see Figure 15). This point is three- 
fourths of the way across the luminous zone, which is considerably later than in the other 
two flames. This location of peak reaction rates occurs well before the temperature 
peaks. This is to be expected since the temperature peak is due primarily to CO oxida­
tion. The net reaction rate peak is therefore due to a peak in radical concentrations rather 
than the peaking of the reaction rate coefficients. The peak reaction rate of CCI4  is ap­
proximately one fourth that of CH4 .
In Flame B (<j> = 1.02), the reaction rates of CH4  and CCI4  peak nearly simultane­
ously, with CCI4  peaking slightly ahead of CH4  (see Figure 16). This point is approxi­
mately midway through the flame, and one third of the way through the luminous zone. 
The peak rate of CCI4  destruction is about one fourth that of CH4 .
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In Flame C (<f> = 1.17), the reaction rates of CH4  and CCI4  also peak at about the 
same location above the burner, but here CH4  peaks slightly ahead of CCI4  (see Figure 
17). This point is one-fifth of the distance across the luminous zone, and well before the 
temperature peaks. The peak reaction rate of CCI4  is slightly less than one-half that of 
CH4 .
Variation of <|> at Constant Cl/H: Net Reaction Rates
A comparison of the peak net reaction rates of CCI4  and CH4  is provided in Table 
V. It can be seen that the highest peak net reaction rate for CCI4  occurs in Flame C (the 
fuel-rich flame), while the lowest is in Flame B (the near stoichiometric flame). This 
parallels the measured mole fraction data, in that Flame B had the lowest level of overall 
CCI4  destruction, while Flames A and C exhibited CCI4  decomposition of 100% mass. 
The maximum net reaction rate may correlate with overall destruction levels.
Methane experiences its highest peak reaction rate in Flames A and B and its 
lowest in Flame C. The mole fraction of CH4  is not detectable in the post-flame region of 
all three flames. However, the location of the last detected CH4  measurement is further 
above the burner in Flame C than in Flames A and B (see Figure 11). If CH4  were de­
tectable at very low levels, it is probable that at any given point in the post-flame region 
more CH4  would be present for Flame C than for Flames A and B. Thus one could con­
clude that the peak CH4  net reaction rate may correlate with the overall level of CH4  de­
struction.
MODEL CONSTRUCTION
The type of model best suited for realistic, near term incinerator modeling is a 
semi-global model. This model will incorporate several reactions involving CCI4  de­
struction as well as other reactions necessary to calculate radical concentrations. The
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following radicals will be important in CCI4  destruction: Cl, OH and H. Therefore, a 
model might be structured as:
f f ig M  = -lq[CCl4][Cl] - k2[CCl4]£OH] - k3[CCl4][H] (2)
where the rate coefficients are assumed to have an Arrhenius temperature dependence.
Steady state and/or partial equilibrium assumptions can be applied to the radicals 
to estimate their concentration. The reaction sets provided in Westbrook and Dryer 
(1984) and Westbrook (1982) can be utilized for this purpose. The rate of CCI4  destruc­
tion and CCI4  concentration are known at each location. Therefore, the coefficients kl - 
k3  can be calculated at a large number of points and the accuracy of the fit of the model 
can be determined. If necessary, the model structure can be expanded to include other 
radicals, and empirical exponents might be placed on all concentration terms. Those 
features might be necessary to adequately model the physical data. However, the model 
will still be predicated on the assumptions made in estimating radical concentrations.
Although one of the initial goals of this work was to arrive at such a model, we 
have found that the data obtained is of insufficient quantity for model construction. The 
dependency of the model on second derivatives necessitates the accumulation of substan­
tially more data for each flame than was obtained. A large number of locations in the 
flame must be sampled, with replicates at each point, to minimize error in the net reaction 
rates obtained. Accumulation of a large number of data points was complicated by the 
experimental factors mentioned previously. The uncertainty in the net reaction rates, 
coupled with the uncertainty in the estimates of radical concentrations, precluded semi- 
global model construction at this time. A global model may be more applicable for the 
data presented.
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SUMMARY
This paper has presented mole fraction and temperature data for a series of three 
flames with varying <J) at a constant Cl/H ratio. Net reaction rates have been calculated for 
CH4  and CCI4 . A number of conclusions can be drawn from the measured data and cal­
culations. These conclusions follow.
• In all three flames CCI4  was almost completely destroyed in the flame zone, 
with 0.03% or less of the inlet mass level of CCI4  remaining. This has implications to 
hazardous waste incinerators which, by law, must destroy at least 99.99% of the inlet 
mass of the waste. The destruction of 99.97% or greater in a flame zone in a time-scale 
on the order of 10 milliseconds attests to the combustion efficiency of the flame zone. 
This, of course, is for a reactant stream that is pre-mixed and vaporized. A flame zone in 
an incinerator, therefore, should be able to accomplish very nearly all of the required de­
struction of the CCI4 , even in a very limited time, once the reactants are mixed on a mi­
croscopic level, in the gas phase.
• Chloroform was observed as a type B stable intermediate in the fuel-lean and 
near-stoichiometric flames, and C2HCI3  was observed as a type B stable intermediate in 
the fuel lean flame. Type B compounds are candidate PICs and an understanding of their 
formation and destruction is crucial to improvement of the incineration process.
• The fact that type B compounds were not found in a fuel-rich flame is signifi­
cant. Selective attack of heavily chlorinated species by H atoms may account for this 
phenomenon. This would suggest the use of an initial fuel rich flame zone to destroy 
candidate PICs followed by a fuel lean flame zone to complete combustion of CO 
(Cundy, et aL, 1986a).
• For this study, there does not appear to be a correlation between CO levels and 
the overall mass destruction of CCI4 . In Flame C, the mole fraction of CO in the post­
flame was 4.9%, but no CCI4  was detected. Therefore, a high level of CCI4  destruction is 
possible in a combustion environment producing a large amount of CO.
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* Equilibrium calculations predict that hydrocarbons and chlorinated hydrocarbons 
will be present at less than 1 ppb at post-flame temperatures under equilibrium conditions. 
Therefore, the measurement of hydrocarbons and chlorinated hydrocarbons in the post­
flame region at ppm levels clearly indicates that equilibrium has not been achieved. This 
is because the reaction kinetics are not fast enough to produce equilibrium conditions by 
the end of the post-flame region. By extension, the presence of PICs at the exit of an 
incinerator is not due to equilibrium constraints (Senser, 1985).
• There is a possible correlation between peak net reaction rate for CCI4  and the 
overall level of destruction of CCI4 . Since it is desirable to achieve the highest overall 
destruction of CCI4 , it is therefore desirable to achieve the highest peak net reaction rate. 
For the flames studied here, the fuel rich flame had the highest peak net reaction rate. 
This suggests that fuel rich conditions will provide the highest overall destruction of 
CCI4 , at least at the Cl/H ratio (0.3) studied here.
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Table I Flame Parameters
Flame ♦ cm PoV0a TLZb BLZC AQd
A 0.76 0.32 0.0118 0.098 0.034 80
Be 1 .0 2 0.34 0.00940 0.124 0.055 150
C 1.17 0.31 0.00837 0.163 0.055 80
a Reactant flow mass flux (g/cm^ sec) 
b Distance from the burner to the top of the luminous zone (cm) 
c Distance from the burner to the bottom of the luminous zone (cm) 
d Measured heat loss to the burner cooling water (W) 
e Presented in Cundy, et al. (1987)
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Table n  Equilibrium Flame Calculations
Flame A (Cl/H = 0.32, <}> = 0.76, post-flame temperature = 1752 K)
Normalized
Compound
measured 
post-flame 
mole fractions 1992 K>
Calculated equilibrium 
mole fractions 
1700 K 1800 K
CO 4.30E-4 5.46E-4 2.99E-5 9.01E-5
C02 9.87E-2 9.00E-2 9.07E-2 9.06E-2
0 2 3.92E-2 4.08E-2 4.30E-2 4.23E-2
N2 6.80E-1 6.79E-1 6.82E-1 6.81E-1
HC1 8.76E-2b 7.93E-2 8.40E-2 8.27E-2
H20 9.40E-2b 9.69E-2 9.55E-2 9.60E-2
H2 1.30E-4 9.25E-6 2.51E-5
Cl 7.97E-3 3.17E-3 4.53E-3
C12 1.25E-4 2.72E-4 2.05E-4
H 1.75E-5 4.48E-7 1.79E-6
0 1.27E-4 9.27E-6 2.51E-5
OH 1.31E-3 2.45E-4 4.64E-4
a adiabatic flame temperature 
b calculated from atom balances
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Table in  Equlibrium Flame Calculations
Flame B (Cl/H = 0.34, <J) = 1.0 2 , post-flame temperature = 1810 K)
Compound
Normalized 
measured 
post-flame 
mole fractions 2239 Ka
Calculated equilibrium 
mole fractions 
1800 K 1900 K
CO 6.43E-3 1.59E-2 6.33E-3 6.99E-3
C02 1.10E-1 9.97E-2 1.10E-1 1.10E-1
0 2 <MDLb 2.37E-3 1.27E-5 7.29E-5
N2 6.50E-1 6.43E-1 6.50E-1 6.49E-1
HC1 1.18E-10 1.07E-1 1.17E-1 1.16E-1
H20 1.16E-1C 1.15E-1 1.14E-1 1.15E-1
H2 3.41E-3 1.73E-3 1.75E-3
Cl 9.28E-3 7.71E-4 1.66E-3
C12 3.10E-5 5.96E-6 1.13E-5
H 4.08E-4 1.49E-5 3.32E-5
0 1.68E-4 4.34E-7 2.55E-6
OH 2.07E-3 6.66E-5 1.83E-4
a adiabatic flame temperature
b Method Detection Limit (Longbottom and Lichtenberg, 1982) 
c calculated from atom balances
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Table IV Equilibrium Flame Calculations
Flame C (Cl/H = 0.31, $ = 1.17, post-flame temperature = 1772 K)
Compound
Normalized 
measured 
post-flame 
mole fractions 2189 K*
Calculated equilibrium 
mole fractions 
1750 K 1850 K
C ° 3.98E-2 4.56E-2 4.09E-2 4.19E-2
C02 8.80E-2 8.00E-2 8.51E-2 8.40E-2
02 <MDLb 9.51E-5 6.23E-8 4.60E-7
N2 6.19E-1 6.20E-1 6.22E-1 6.22E-1
HC1 1.20E-1C 1.15E-1 1.19E-1 1.19E-1
H 20 1.32E-1® 1.20E-1 1.17E-2 1.18E-1
H2 1.32E-2 1.56E-2 1.47E-2
Cl 3.88E-3 1.72E-4 4.02E-4
C12 7.38E-6 4.78E-7 1.03E-6
H 6.08E-4 2.91E-5 6.54E-5
0 2.47E-5 1.87E-8 1.31E-7
OH 7.78E-4 1.31E-5 3.96E-5
a adiabatic flame temperature
b Method Detection Limit (Longbottom and Lichtenberg, 1982) 
c calculated from atom balances
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Table V Peak Net Reaction Rates
Compound______ Flame A________ Flame B
CC14 -2.5E-4 -2.2E-4
CH4 -1.0E-3 -1.0E-3
Flame C 
-3.0E-4 
-6.5E-4
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Table VI Experimental Results 
CO C02
- Flame A 
CH4 CH3CL
Oa (cm) 1.88E-01 7.05E-01 0 0 7.11E-02 0
0.0114 1.55E-01 6.65E-01 9.24E-03 7.99E-03 4.40E-02 8.70E-04
0.0207 1.48E-01 6.64E-01 1.05E-02 1.07E-02 4.13E-02 8.24E-04
0.037 1.41E-01 6.80E-01 1.36E-02 1.56E-02 3.21E-02 6.96E-04
0.0427 1.33E-01 6.65E-01 1.53E-02 1.77E-02 3.13E-02 7.10E-04
0.0637 1.12E-01 6.69E-01 2.15E-02 2.83E-02 2.03E-02 5.35E-04
0.0923 7.98E-02 6.80E-01 3.02E-02 4.76E-02 4.83E-03 1.78E-04
0.1373 4.19E-02 7.02E-01 7.11E-03 9.44E-02 0 0
0.1943 4.05E-02 7.06E-01 2.09E-03 1.01E-01 0 0
0.2963 4.02E-02 7.02E-01 6.86E-04 1.02E-01 0 0
0.3773 4.09E-02 7.10E-01 4.49E-04 1.03E-01 0 0
a inlet reactant values
Table VI Experimental Results - Flame A (cont)
HEIGHT CHCL3 CC14 C2H2 C2H4 C2H3CL 11C2H2CL2 12C2H2CL2
0a (cm) 0 2.26E-02 0
0.0114 9.78E-05 1.34E-02 4.80E-04
0.0207 9.95E-05 1.35E-02 5.46E-04
0.037 9.50E-05 1.21E-02 7.16E-04
0.0427 1.16E-04 1.23E-02 8.39E-04
0.0637 1.50E-04 8.25E-03 1.18E-03
0,0923 7.98E-05 1.20E-03 1.85E-03
0.1373 1.99E-05 0 0
0.1943 3.05E-05 0 0
0.2963 5.41E-05 0 0
0.3773 0 0 0
0 0 0 0
7.29E-04 2.55E-04 6.24E-03 1.74E-05
6.86E-04 2.31E-04 5.86E-03 1.56E-05
6.49E-04 2.29E-04 5.44E-03 1.69E-05
6.77E-04 2.56E-04 5.84E-03 1.77E-05
6.13E-04 2.66E-04 5.41E-03 . 2.04E-05
2.94E-04 1.79E-04 2.90E-03 1.88E-05
0 0 0 0
0 0 0 0
0 0 0 0
0 0 0 0
a inlet reactant values
HEIGHT C2HCL3
Table VI Experimental Results - Flame A (cont)
C2CL4 C2H6 1112C2H2CL4 HEIGHT GAS TEMP.
0a (cm) 0 0 0 0 0.043 (cm)
0.0114 1.82E-04 4.51E-04 6.33E-05 3.92E-05 0.059
0.0207 1.77E-05 3.95E-04 5.39E-05 4.00E-06 0.069
0.037 2.00E-04 4.54E-04 3.82E-05 4.78E-05 0.11
0.0427 2.15E-04 4.53E-04 3.81E-05 4.43E-05 0.126
0.0637 2.50E-04 5.33E-04 2.48E-05 4.85E-05 0.187
0.0923 1.88E-04 4.07E-04 3.60E-06 2.34E-05 0.219
0.1373 2.20E-06 0 0 0 0.555
0.1943 2.40E-06 0 0 0
0.2963 1.60E-06 0 0 0
0.3773 0 0 0 0
1622.19 (K)
1681.04
1721.42
1774.26
1781.51
1783.74
1779.83
1751.93
a inlet reactant values
HEIGHT 02
Table VII Experimental Results - Flame B 
N2 CO C02 CH4 CH3C1
Oa (cm) 1.80E-01 6.85E-01 0 0 9.20E-02 0
0.0174 1.21E-01 6.86E-01 1.77E-02 2.63E-02 4.07E-02 9.47E-04
0.0375 1.02E-01 6.84E-01 2.28E-02 3.40E-02 2.90E-02 7.78E-04
0.0607 8.34E-02 6.93E-01 2.85E-02 4.28E-02 1.92E-02 5.87E-04
0.0763 6.33E-02 6.92E-01 3.35E-02 5.30E-02 1.05E-02 3.73E-04
0.0974 3.48E-02 6.95E-01 4.18E-02 7.18E-02 6.76E-04 2.10E-05
0.1044 3.76E-02 7.11E-01 4.29E-02 6.89E-02 9.83E-04 2.80E-05
0.1194 1.52E-02 7.24E-01 3.43E-02 9.09E-02 0 0
0.145 6.63E-03 7.31E-01 2.09E-02 1.06E-01 0 0
0.1583 4.94E-03 7.36E-01 1.71E-02 1.11E-01 0 0
0.1807 3.61E-03 7.53E-01 1.41E-02 1.16E-01 0 0
0.1944 2.94E-03 7.27E-01 1.25E-02 1.16E-01 0 0
0.3999 0 7.22E-01 8.84E-03 1.18E-01 0 0
0.3999 0 7.22E-01 9.04E-03 1.20E-01 0 0
0.6086 0 7.25E-01 7.17E-03 1.23E-01 0 0
a inlet reactant values
FOID
v
Table VII Experimental Results - Flame B (cont.)
HEIGHT CHC13 CC14  C2H2 C2H4 C2H3C1 11C2H2C12 12C2H2C12
0 a (cm) 0 3.10E-02 0 0 0 0 0
0.0174 1.57E-04 1.64E-02 1.52E-03 7.66E-04 2.80E-04 >4.50E-03 2.00E-05
0.0375 1.60E-04 1.22E-02 2.06E-03 7.84E-04 3.34E-04 >4.50E-03 2.40E-05
0.0607 1.47E-04 7.73E-03 2.78E-03 6.93E-04 3.73E-04 >4.50E-03 2.90E-05
0.0763 1.22E-04 2.63E-03 3.44E-03 5.32E-04 3.23E-04 4.43E-03 2.80E-05
0.0974 1.00E-05 3.00E-05 >3.50E-03 3.10E-05 4.90E-05 4.65E-04 6.00E-06
0.1044 1.40E-05 6.10E-05 >3.50E-03 4.80E-05 7.00E-05 6.97E-04 8.00E-06
0.1194 5.00E-06 1.52E-04 9.80E-05 0 2.00E-06 0 2.50E-06
0.145 1.00E-05 1.00E-05 2.50E-06 0 0 0 0
0.1583 1.10E-05 1.60E-05 4.00E-07 0 0 0 0
0.1807 1.40E-05 7.00E-06 0 0 0 0 0
0.1944 1.50E-05 6.00E-06 ' 0 0 0 0 0
0.3999 1.70E-05 5.00E-06 0 0 0 0 0
0.3999 6.00E-06 1.60E-05 0 0 0 0 0
0.6086 7.50E-06 1.00E-05 0 0 0 0 0
a inlet reactant values
Table VII Experimental Results - Flame B (cont.)
HEIGHT C2HC13 C2C14 C2H6 1112C2H2C14 HEIGHT GAS TEMP.
0 a (cm) 0 0 0 0 0.048 (cm) 1757.81 (K)
0.0174 2.07E-04 6.08E-04 6.00E-05 4.70E-05 0.086 1874.32
0.0375 2.40E-04 6.17E-04 4.10E-05 5.50E-05 0.134 1907.11
0.0607 2.87E-04 6.32E-04 1.90E-05 6.80E-05 0.214 1890.69
0.0763 2.43E-04 5.35E-04 7.00E-06 5.00E-05 0.467 1852.89
0.0974 4.30E-05 1.05E-04 0 6.00E-06 0.919 1809.64
0.1044 5.90E-05 1.46E-04 0 5.00E-06
0.1194 9.00E-06 1.70E-04 0 0
0.145 0 0 0 0
0.1583 0 0 0 0
0.1807 0 0 0 0
0.1944 0 0 0 0
0.3999 0 0 0 0
0.3999 0 0 0 0
0.6086 0 0 0 0
a inlet reactant values
HEIGHT 0 2 N2
Table Vm Experimental Results - Flame C 
CO C02 CH4 CH3CL
Oa (cm) 1.79E-01 6.77E-01 0 0 1.05E-01 0
0.02567 1.29E-01 6.43E-01 2.08E-02 1.49E-02 5.43E-02 1.12E-03
0.0277 1.28E-01 6.49E-01 2.20E-02 1.57E-02 5.05E-02 1.08E-03
0.054 1.06E-01 6.40E-01 3.13E-02 2.35E-02 3.84E-02 8.89E-04
0.0633 9.07E-02 6.46E-01 3.86E-02 3.09E-02 2.95E-02 7.13E-04
0.09597 5.47E-02 6.49E-01 5.11E-02 4.67E-02 1.44E-02 3.73E-04
0.1157 3.57E-02 6.61E-01 5.53E-02 6.12E-02 7.75E-03 1.62E-04
0.1293 2.43E-02 6.61E-01 5.48E-02 6.95E-02 4.19E-03 8.10E-05
0.1507 1.31E-02 6.69E-01 5.42E-02 7.89E-02 1.37E-03 2.40E-05
0.1574 1.28E-02 6.74E-01 5.38E-02 8.20E-02 1.05E-03 2.50E-05
0.163 7.11E-03 6.76E-01 5.21E-02 8.62E-02 2.46E-04 8.30E-06
0.2017 4.38E-04 6.71E-01 4.58E-02 9.53E-02 3.30E-06 0
0.2535 3.50E-03 6.74E-01 4.33E-02 9.62E-02 0 0
0.488 0 6.86E-01 4.32E-02 1.02E-01 0 0
a inlet reactant values
Table VUI Experimental Results - Flame C (cont)
HEIGHT CHCL3 CCL4 C2H2
0 a (cm) 0 3.26E-02 0
0.02567 2.19E-04 2.04E-02 1.57E-03
0.0277 2.08E-04 1.96E-02 1.66E-03
0.054 2.74E-04 1.40E-02 2.57E-03
0.0633 2.74E-04 1.07E-02 3.34E-03
0.09597 1.01E-04 2.70E-03 4.83E-03
0.1157 2.10E-05 3.94E-04 4.55E-03
0.1293 7.00E-06 4.70E-05 >3.96E-03
0.1507 0 1.30E-05 2.98E-03
0.1574 0 6.20E-06 2.71E-03
0.163 0 5.20E-06 1.64E-03
0.2017 0 0 1.34E-04
0.2535 0 0 6.00E-06
0.488 0 0 0
a inlet reactant values
C2H4 C2H3CL 11 C2H2CL2 12 C2H2CL
0 0 0 0
8.31E-04 4.13E-04 7.82E-03 2.50E-05
8.33E-04 4.32E-04 7.89E-03 2.60E-05
8.29E-04 5.30E-04 7.78E-03 3.30E-05
7.84E-04 5.52E-04 6.95E-03 3.50E-05
5.89E-04 4.42E-04 3.90E-03 3.10E-05
4.08E-04 2.81E-04 1.93E-03 1.80E-05
2.54E-04 1.59E-04 . 8.28E-04 1.00E-05
9.10E-05 2.95E-05 1.30E-04 2.00E-06
7.80E-05 2.80E-05 8.80E-05 1.80E-06
3.50E-05 5.30E-06 8.50E-06 0
4.50E-06 0 1.50E-06 0
0 0 0 0
0 0 0 0
Table VUI Experimental Results - Flame C (cont)
HEIGHT C2HCL3 C2CL4 C2H6 1112C2H2CL4 HEIGHT GAS TEMP.
0 a (cm) 0 0 0 0 0.065 (cm) 1770.73 (K)
0.02567 3.39E-04 6.85E-04 5.60E-05 6.60E-05 0.092 1842.84
0.0277 3.30E-04 7.80E-04 5.10E-05 7.40E-05 0 .1 1 2 1856.88
0.054 4.30E-04 7.28E-04 3.70E-05 8.10E-05 0.15 1874.89
0.0633 3.94E-04 7.51E-04 2.95E-05 9.10E-05 0.276 1824.33
0.09597 2.37E-04 4.22E-04 1.60E-05 5.00E-05 0.408 1795.79
0.1157 1.10E-04 2.82E-04 1.10E-05 1.20E-05 0.631 1772.36
0.1293 4.80E-05 7.90E-05 8.10E-06 2.00E-06
0.1507 1.10E-05 3.00E-05 3.30E-06 1.50E-06
0.1574 6.00E-06 3.40E-05 3.60E-06 1.00E-07
0.163 1.00E-06 1.40E-05 0 0
0.2017 0 0 0 0
0.2535 0 0 0 0
0.488 0 0 0 0
a inlet reactant values
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ABSTRACT
Stable species mole fraction and temperature profiles are presented for a series of 
three laminar, atmospheric pressure CCl4/CH4 /air flames. The equivalence ratio is held 
constant near unity, while the atomic CI/H ratio is varied from 0.073 to 0.34 to 0.61.
Gas samples are taken with uncoated quartz microprobes and analyzed by gas 
chromatography (GC). A new analytical procedure is described for use in atmospheric, 
flame-mode studies. This procedure is compared with a standard GC technique used pre­
viously. Temperature measurements are taken with 0.2 mm thermocouple beads made 
from Pt and Pt-13% Rh wire.
As the Cl/H ratio increases, the stability of saturated hydrocarbons decreases, 
while the overall importance of recombination reactions to form C2  molecules increases.
Net reaction rate profiles are generated for CH4 , CO, CO2 , and CCI4 . Peak net 
reaction rates are seen to correlate with the overall level of destruction for CH4  and CCI4 . 
Increasing the Cl/H ratio is seen to increase the peak net reaction rate of CCI4  over the 
range studied.
The chlorine inhibition of CO oxidation is exhibited by an increasing time delay 
between CO formation and CO2  formation as the Cl/H ratio increases. Carbon monoxide 
is seen to accumulate as the Cl/H Tatio increases.
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INTRODUCTION
The intent of this communication is to present experimental data for a series of 
three CCl4/CH4/air flames that have varying atomic chlorine to hydrogen ratios (Cl/H) at 
a constant equivalence ratio (<|>). The three flames studied are labeled A, B, and C in or­
der of increasing Cl/H ratio. Flame A has Cl/H = 0.073 with <j> = 0.92. Flame B has Cl/H 
= 0.34, and $ = 1.02. Flame C has Cl/H = 0.61 and <(> = 0.92. This series will comple­
ment a previously reported set of three CCl4 /CH4/air flames with varying cf» at constant 
CI/H ratio presented in Morse, et al. (1988).
EXPERIMENTAL SYSTEM AND TECHNIQUES
The experimental facility and the techniques used to collect the data for Flame B 
have been detailed in Cundy, et al. (1986), Senser, et al. (1985), and Senser and Cundy
(1987), with modifications as described in Morse, et al. (1988). The measurements in 
Flame B were made chronologically earlier than Flames A and C. A major change in the 
gas sampling and analysis techniques was made before the data for Flames A and C were 
collected. This change was motivated by the desire to improve the gas sample analysis, 
and to allow use of the same gas chromatographic (GC) analytical methods and sampling 
techniques for a concurrent full-scale incinerator sampling project (Cundy, et al., 1988, 
1988a, 1988b).
The gas sampling technique used for Flame B (detailed in Senser and Cundy, 
1987) consisted of sampling the flame with a quartz microprobe and collecting the sample 
in 100 ml evacuated glass bulbs. Sample collection ended when 50 Torr absolute pres­
sure was reached in the bulb. This bulb was then attached to an evacuated manifold on 
the GC containing two 5 ml sample loops. The sample was allowed to expand into the 
sample loops, the manifold pressure was measured, and the GC sampling valve was 
switched to place the loops in the carrier gas flow, sweeping their contents onto the 
columns.
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Although this technique provided satisfactoiy results, it was fraught with a num­
ber of problems. Sample loop sweepout took a minimum of 30 seconds, gave a minimum 
peak width of 30 seconds, and contributed to the poor resolution of some compounds. 
Loss of sample, whether through adsorption on the manifold walls or through absorption 
in polymeric materials in the manifold, presented a continual source of error if not ac­
counted for through meticulous calibration efforts. Evidence of this effect was observed 
by a steadily dropping manifold pressure after the initial surge caused by sample intro­
duction. Since the mole fraction measurements from the GCs are directly proportional to 
measured manifold pressure, it was tempting to switch the sample valve quickly, before 
appreciable absorption occurred. Unfortunately, this exacerbated another problem: that of 
unequal species distribution. When the sample is first released into the manifold, the gas 
molecules expand into the evacuated sample loops. However, the lightest molecules ar­
rive first. This leaves the sample loops temporarily deficient in the heavier compounds, 
until equilibrium is reached through diffusion. The switching of the sample valve before 
equalization of species distribution in the sample loops obviously leads to erroneous re­
sults.
Additional problems with this chromatography method involved the gas standards 
used for calibration. These standards were made by the partial pressure method and were 
in the gas phase. The construction of these standards was tedious, requiring 12-16 hours 
of concentrated effort. If a mistake was made anytime throughout the preparation, the 
whole process had to be redone. The amounts of compounds lost to adsorption on the 
walls of the standards containers also presented a problem. These amounts were thought 
to be small, but were unknown. The adsorption of just a small amount of a compound on 
the walls of a gas phase standard container can significantly alter the concentration in the 
gas phase, leading to faulty calibration.
An incinerator sampling project involving gas samples of combustion products 
from a full-scale rotary kiln incinerator firing CH4  and CCI4  was being conducted
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(Cundy, et al., 1988, 1988a, 1988b). These atmospheric pressure samples were to be 
analyzed by the same GCs used for Flame B, but with increased sensitivity. An effort to 
find an optimal method was undertaken. The solution involved switching to the use of 
gas syringe techniques. Calibration efforts proved the method to be successful, with low 
variability of response factors, and no detectable absoiption or adsorption of compounds. 
Interestingly, the most difficult compound to quantify was 02 (for reasons discussed 
later) with a method detection limit (MDL) as defined by Longbottom and Lichtenberg 
(1982) of 3000 ppm. Since levels this low would normally not be seen in an operating 
incinerator, this presented no problem.
Fixed gas samples were analyzed by a thermal conductivity detector (TCD) after 
collection in a 2 ml syringe. The sample size was 0.25 ml at atmospheric pressure. The 
samples analyzed for hydrocarbons and chlorinated hydrocarbons used a flame ionization 
detector (FID) and were injected with a 5 ml syringe. The sample size was 3 ml at atmo­
spheric pressure. Using two separate syringe sample sizes, different detectors, and hence 
different column loadings allowed maximum sensitivity for the entire range of com­
pounds expected to be observed.
Twenty two different compounds were targeted for identification and quantifica­
tion with this method. These are shown in Table I. Two GCs were used. One GC mea­
sured fixed gases (O2 , N2 , CO, CO2 ) with a TCD, the other quantified hydrocarbons and 
chlorinated hydrocarbons with an FID. Total analysis time per sample was 30 minutes.
Calibration of the GCs with the new techniques proved simpler and more reliable 
than the method previously employed. Two types of standards were used: gas standards 
for compounds that are gases at standard temperature and pressure (STP), and methanol- 
based liquid standards for STP liquids. The gas standards were prepared at the 100 and 
1000  part per million (ppm) mole fraction ranges by injection of a known volume of pure 
gas into a known volume of air in a 1 liter glass bomb. The 10 ppm standard was made 
by serial dilution of the 1000 ppm standard. Liquid standards were made by injection of
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known volumes of pure liquids into a known volume of methanol in 30 ml amber glass 
bottles. Injections were made with a liquid syringe. The liquid standards were made at 
concentrations such that a 1 pi injection contained the same number of moles of each 
compound as a 10 , 1 0 0 , or 1000  ppm gas syringe injection.
Adoption of this successful technique at atmospheric pressure to low pressure 
samples from the flat flame was attempted next. Flat flame samples were collected at 
one-fifteenth of an atmosphere as compared to one atmosphere for the full-scale incinera­
tion study. Either larger syringes or smaller sample volumes had to be incorporated into 
the flat flame method. A compromise solution was devised. Samples to be analyzed by 
the TCD were collected in a larger syringe, and those to be analyzed by the FID were 
collected in the same size syringe as before, but with a smaller sample size. The syringe 
size for the FID samples was 5 ml, with a 0.3 ml sample size. The 0.3 ml sample size en­
sured that the pressure in the syringe was slightly greater than 1 atm when compressed 
prior to injection. The TCD syringe size was 5 ml, and an atmospheric pressure 0.3 ml 
sample size was also set.
The new sample collection technique was quite different from the previous 
method. The sampling manifold was evacuated after a new sampling location was 
reached in the flame. It was then allowed to fill to 50 Torr absolute pressure, and was 
purged at least five minutes. A gas syringe was then inserted into the sample manifold 
through a standard septum and purged twice. Approximately 5 ml of sample were with­
drawn and then compressed to exactly 0.3 ml, raising the pressure to over 1 atm. The 
sample was then allowed to reach room temperature, whereupon, the pressure in the sy­
ringe was corrected to atmospheric by quickly opening and closing the valve on the sy­
ringe. The sample was then injected on the first GC and the entire procedure repeated for 
the second GC, with the exception of purging the manifold.
Another problem associated with adoption of the syringe technique to the low 
pressure sample involved the amount of sample that actually passes into the GC. The gas
syringes have a small unswept volume that retains sample. Since the column pressures 
are in the range of 3 to 4 atmospheres, the amount of atmospheric pressure sample left in 
the syringe is 3 - 4 times larger than the unswept volume. A correction had to be made 
for this "lost" sample. This problem also occurred with the syringes used to obtain atmo­
spheric pressure samples in the full-scale study. However, the same size gas syringes 
were used for calibration and for injection of samples (for all but a few compounds), so an 
equal amount was "lost" during each injection. This made the error from the "lost" sam­
ple amounts cancel out, so it had no effect. The situation was different for compounds in 
the liquid standards. Calibrations were performed using a liquid syringe, from which no 
material was "lost", while sample injections were made using a 5 ml gas syringe. How­
ever, the "lost" sample using the 5 ml syringe for atmospheric 3 ml samples was negligi­
ble. For samples taken from the flat flame it was necessary to measure the uninjected 
volumes for both syringes because different syringes were used for calibration and for 
flame sample injection. Correction factors were calculated from these measurements: all 
TCD mole fractions for flat flame samples were divided by 0.942, and all FID mole frac­
tions for flat flame samples were divided by 0.792. The coefficients of variation for these 
correction factors were 4% and 5% respectively.
The final problem that occurred was common to both gas syringe techniques 
(atmospheric and sub-atmospheric). The retention of tramp air in the syringe needle had 
to be accounted for. This air would be injected into the GC along with the sample. Since 
low levels of 0 2  need to be measured in fuel rich flat flames, this quantity had to be 
identified as accurately as possible. This was accomplished by injecting samples of pure 
CH4  taken at 50 Torr pressure. The amount of 02  subtracted was 2.18% mole fraction 
with N2  having a commensurate amount. The coefficient of variation for the amount of 
0 2  subtracted was approximately 6 % yielding an estimated MDL (Longbottom and 
Lichtenberg, 1982) of 4900 ppm. This is higher than optimal, but nevertheless suitable 
for the flame work. It would only preclude measurement of very low 02 concentrations.
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EXPERIMENTAL RESULTS
Three CCl4/CH4 /air flames of varying chlorine to hydrogen ratio were studied. 
The stoichiometry for these systems is given as (Bose and Senkan, 1983):
CH4  + (Cl/H) CCI4  + 2 0 2  = ( 1+C1/H) CO2  + (4  Cl/H) HC1 + (2-2 Cl/H) H2 O (1)
where the Cl/H < 1 and the Cl/H equals the atomic chlorine to atomic hydrogen ratio in 
the fuel mixture. The equivalence ratio (<})) is defined as the actual fuel to oxygen ratio 
divided by the stoichiometric fuel to oxygen ratio. For these three flames, the equiva­
lence ratio was held constant near 1.0, while the CI/H ratio was varied from 0.073 to 0.61, 
The intent of this study was to determine the effects of changing Cl/H ratio on the struc­
ture of the flames. Table II summarizes the parameters of the flames that were studied.
Flame B has been previously discussed in Cundy, et al. (1987) and Morse, et al.
(1988). It is included here to complete the series of variable Cl/H at constant <J).
Flame A has a Cl/H ratio of 0.073 and <|> of 0.92. This is a very lightly chlorinated 
flame, similar to a flame inhibition study. The mole fraction data of Flame A are shown 
in Figures 1 - 3  and temperature measurements are in Figure 10. The symbols are data 
points and the solid lines are the profiles drawn for the net reaction rate analysis. The lu­
minous zone is represented in all plots by a thick, solid line. This flame has a moderately 
thin luminous zone (0.07 cm) relative to other flames of this study. The peak temperature 
reached in Flame A is the lowest of the three flames, at 1882 K. The adiabatic flame 
temperature is 2206 K. The heat loss to the burner cooling water was 150 W for Flame 
A. Routine performance of atom balances indicated that a slight manifold leak of room 
air occurred throughout the Flame A experiment. The leak remained constant over the 
period of the experiment, and hence the entire data set has been accordingly adjusted. 
This was accomplished by subtracting the calculated amounts of 02  and N2  that leaked
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into the sample, and raising the mole fractions of the other species by a commensurate 
amount.
Carbon tetrachloride was decomposed below the level detectable by the GC early 
in the flame. By the first sample location above the burner, 90% by mass of the inlet 
level of CCI4  appears to have been consumed. Methane was completely decomposed 
within the flame zone as well, but it decays more slowly than CCI4 . Carbon monoxide 
was still decaying and CO2  was still forming in the post-flame zone. Hence, the C-O 
system was not yet at equilibrium.
All of the stable intermediates for Flame A were type A compounds (Senser, et 
al., 1985a). Type A compounds form and peak early in the flame, and then decay rapidly 
and completely. Type B compounds (Senser, et al., 1985a) usually form later in the 
flame, build to a peak, and then partially decay, and the compound persists at a finite 
level into the post-flame region.
Flame B, with a Cl/H ratio of 0.34 and <{> = 1.02, is illustrated in Figures 4 - 6 ,  
with temperature measurements shown in Figure 10. This flame had a luminous zone 
with the same thickness as Flame A (0.069 cm). It exhibited the second highest peak 
temperature (1907 K). Flame B had the highest adiabatic flame temperature, and a heat 
loss to the burner cooling water equal to that of Flame A.
Methane was completely destroyed relatively early in the flame, while CCI4  per­
sisted into the post-flame zone at 8 - 10 ppm. Chloroform was also present in the far 
post-flame zone at approximately 10 ppm. Carbon monoxide was still decaying and CO2  
was still forming in the post-flame zone. Again, equilibrium of the C-0 system had not 
occurred, even at 6  mm above the burner. In this flame, all stable intermediates except 
CHCI3 exhibited type A behavior. Chloroform, in contrast, exhibited type B behavior. 
The stable intermediate compound present in the largest quantity was 1,1 C2 H2 CI2 , 
which peaked at approximately 0.45% mole fraction.
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The data of Flame C, with a Cl/H ratio of 0.61 and <£> = 0.92, are presented in Fig­
ures 7 - 10. The luminous zone for this flame, at 0.089 cm thickness, was considerably 
thicker than for Flames A and B. The peak temperature measured in this flame was 1925 
K, the highest of the three flames. The adiabatic flame temperature of this mixture was 
2161 K, the lowest of the three flames. The heat loss to the burner cooling water from 
this flame was 170 W, the highest of the three flames. The total heat loss per mole of re­
actants from this flame was lower than for the other two flames. The Cl/H ratio was high 
enough to cause sooting in a section of this flame. A region from 0.1 to 0,125 cm above 
the burner could not be sampled because the interior of the probe accumulated soot.
Both CH4  and CCI4  persist into the post-flame region of this flame, with CCI4  at 
over twice the level of CH4 . It is interesting to note that while CCI4  was still decaying in 
the post-flame zone, CH4  appeared to have stabilized at approximately 3 ppm. Carbon 
monoxide continued to decay in the post-flame region, and CO2  continued to form; 
hence, the C-0 system had not yet reached equilibrium. The peak concentration of 1,1 
C2 H2 CI2  was high in this flame also.
This flame had a number of stable intermediates present in the post-flame. 
Dichloromethane, 1,1 C2 H2 CI2 , and C2 H4  all exhibited type B behavior. Acetylene 
partially decayed in the post-flame and therefore was classified as type A. Chloroform 
was also present and appeared to be a type B compound. All other stable intermediates 
were type A.
Variation of Cl/H at Constant <t>: Mole Fraction Measurements
Methane is decomposed below the level detectable by the GC in Flames A and B. 
In Flame C, CH4  persists into the post-flame at approximately 2 ppm, as shown in Figure 
11. The open symbols are data points and the solid lines are shown only to improve 
visualization.
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In all three flames, more than 99.97% by mass of the CCI4  was destroyed. The 
level of CCI4  dropped below the level detectable by the GC at a location close to the 
burner in Flame A. In Flames B and C, CCI4  was still present in very small amounts in 
the far post-flame zone. The .level of CCI4  in the post-flame of Flame C was still de­
creasing. In the far post-flame of Flame B, CCI4  was nearly constant; consequently, the 
conversion process had slowed considerably or stopped (see Figure 12). The overall lev­
els of CCI4  mass destruction in Flames B and C were 99.97% and 99.99%, respectively.
The behavior of the stable intermediates was also interesting. All of the stable 
intermediates in Flame A ( Cl/H = 0.073) were type A, while all but one were type A in 
Flame B. The single type B compound was CHCI3 . Flame C, on the other hand, had a 
number of compounds present in the post-flame zone, some of which were definitely 
type B compounds, such as CH2 CI2 , 1,1 C2 H2 CI2 , and C2 H4  (see Figures 13-15). 
Acetylene was present in the post-flame zone, but its behavior marked it as a type A 
compound. Methyl chloride was also present, but its sporadic profile makes it difficult to 
ascertain definitely whether it was continuing to decompose or not.
Several compounds were only quantified in Flame C. These include CH2 CI2 , 1,1 
C2 H4 CI2 , and C2 H5CI. The latter two were not quantified in Flames A and B because 
they were not detected. Dichloromethane was not quantified in Flame B because it 
eluted during the GC method very close to another compound, hence positive identifica­
tion of the correct peak could not be accomplished. The GC techniques used for Flames 
A and C allowed positive identification of CH2 CI2 , although none was detected in Flame 
A.
The peak concentrations of the stable intermediates exhibited mixed trends with 
varying Cl/H ratio. For all chlorinated compounds, there was a monotonic increase in 
peak concentration with Cl/H ratio, except for C2 H3 CI, which was slightly lower in 
Flame B than in Flame A. However, the hydrocarbons exhibited markedly different be­
havior. Acetylene reached a peak mole fraction much higher in Flame B than in Flame
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A, but there was almost no difference in the peak mole fractions in Flames B and C. This 
was not in agreement with the observations of Senser, et al. (1987) who found that C2 H2  
concentrations dropped in a CH2 Cl2 /CH4/air system when the Cl/H was increased from 
0.06 to 0.33, and then rose as the Cl/H increased from 0.33 to 0.72. However, the flames 
Senser studied were quite fuel lean (<t» = 0.8) which could lead to a radically different 
mechanism for C2 H2  formation and destruction. Ethylene had its highest peak mole 
fraction in Flame A, had a considerably lower value in Flame B, and then rose again in 
Flame C. Senser, et al. (1987) report a similar finding in their series of CH2 Cl2 /CH4/air 
flames. Ethane, in contrast, had its highest peak value in Flame A, with the lowest peak 
value in Flame C. This was in agreement with Karra and Senkan (1987) who showed that 
as Cl/H rises ( over a moderate span) the peak C2H6  concentration decreases.
The final comparison to be made is the post-flame decay of the stable intermedi­
ates. The post-flame decay of C2 H6  remained essentially unchanged with increasing 
Cl/H ratio. A group of lightly chlorinated hydrocarbons and hydrocarbons had post-flame 
decays that accelerated as the Cl/H went from 0.073 to 0.34. and then stayed constant to 
Cl/H = 0.61. This group included C2 H2 , C2H4 , C2 H 3 CI, and 1,2 C2H2 CI2 . Another 
group, CH3 CI and 1,1 C2 H2 CI2 , had post-flame decays that accelerated as Cl/H went 
from 0.073 to 0.34 and then slowed as the Cl/H went to 0.61. The final group had such 
small concentrations at Cl/H = 0.073 that only the peak of their profiles was detected, so 
their post-flame decay was not observed. However, the post-flame decay became faster 
as the Cl/H went from 0.34 to 0.61. This group involved CHCI3 , C2 HCI3 , C2 CI4 , and
1,1,1,2 C2H2 CI4 .
Several compounds exhibited a different behavior in the far post-flame. The de­
cay rate of these compounds decreased greatly in the post-flame, and ceased altogether 
for some of the compounds. Dichloromethane, 1,1 C2 H2 CI2 , C2 H4 , and CHCI3 all ex­
hibited this behavior. The chemical mechanism causing this change in decay rate is not 
understood at this time. However, it has clear implications for incineration. Un­
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derstanding the mechanisms causing this behavior is crucial to developing incinerator 
models that will predict potential emissions.
The appearance of CHCI3 in this group of compounds is particularly significant. 
Chloroform had very slow post-flame decay rates in two of three flames discussed in 
Morse, et al. (1988). It appears to be a candidate emission product in almost all of the 
flames studied here and in the aforementioned paper. It was also seen as a probable can­
didate emission product in several CH2 CI2  flames studied by Senser (1985).
EQUILIBRIUM CALCULATIONS
Equilibrium concentrations were calculated by Dr. David Miller using the 
thermochemistry he compiled (Miller, 1984) and the computer program of Gordon and 
McBride (1971). Tables m  - V show the equilibrium results for each flame. The second 
column shows normalized experimentally measured post-flame mole fractions for several 
compounds. The values for HC1 and H2 O are calculated from atom balances. The third 
column lists the adiabatic flame temperature and the equilibrium mole fractions at that 
temperature. The next two columns list equilibrium values for two temperatures that 
bracket the temperature of the post-flame zone.
A number of compounds (225) were considered as possible equilibrium products 
by the program, but only about 30 were present in quantities larger than one part per bil­
lion (ppb) mole fraction. All hydrocarbons and chlorinated hydrocarbons were present at 
less than the one ppb level and are not listed. Therefore, the presence of measurable lev­
els of hydrocarbons or chlorinated hydrocarbons in the post-flame region of this study is 
a function of kinetic limitations, not equilibrium limitations. The equilibrium concentra­
tions of several radicals at post-flame temperatures are also given. The equilibrium value 
of the Cl radical rises as the Cl/H ratio is increased from 0.073 to 0.61. The equilibrium 
concentrations of O, OH, and H do not vary significantly over the range of CI/H studied, 
and are not monotonic functions of CI/H. They appear to be much stronger functions of <|)
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than Cl/H. Atomic oxygen and OH increase slightly between Cl/H = 0.073 and CI/H = 
0.61. Both these radicals decrease slightly at Cl/H = 0.34, due to the fact that $ is 
slightly higher for that flame (B) than for Flames A and C. Atomic hydrogen drops 
slightly in concentration between Cl/H = 0.073 and Cl/H = 0.61. It increases slightly at 
Cl/H = 0.34, once again due to the slight increase in <j> for that flame.
As mentioned previously, the data for Flame A were corrected by subtracting a 
constant amount of manifold leakage air from the measured mole fractions. The N2  mole 
fraction in the post-flame was quite close to the calculated equilibrium value. Carbon 
monoxide has a post-flame mole fraction substantially higher than the calculated equilib­
rium value, but it is still decreasing in the post-flame. Carbon dioxide has a mole fraction 
lower than the calculated equilibrium value, part of which is due to CO that has not yet 
oxidized. Oxygen is the compound with the most disagreement between calculated and 
measured post-flame values. However, if the 02  needed to completely oxidize the re­
maining CO is subtracted from the measured mole fraction of 02, the result is almost ex­
actly the calculated equilibrium value.
The mole fraction data for Flame B were taken chronologically earlier than 
Flames A and C, and so utilized the previously reported (Senser and Cundy, 1987) ana­
lytical methods. The measured post-flame mole fractions for Flame B agree nearly ex­
actly with the calculated equilibrium values.
For Flame C, there is good agreement between the measured CO2  and N2  post­
flame mole fractions and the calculated equilibrium values. Carbon monoxide is still 
high, but the C-0 system is not yet at equilibrium and would be expected to approach the 
calculated value as the C-0 system equilibrates. Oxygen, however, has a large difference 
between the measured and calculated values, even if the 02  needed for CO oxidation is 
subtracted from the measured O2  value. This is due to a high degree of variability in the 
tramp oxygen subtracted from the syringe. The gas syringe carries an amount of tramp 
air into the GC when a sample is injected. The tramp 02  (2.18% mole fraction) is then
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subtracted from the measured oxygen mole fraction. The standard deviation of the tramp 
0 2  is 0.13% mole fraction, as determined from calibrations. However, the precision 
worsened during actual flame sampling; the standard deviations of three pairs of replicate 
oxygen measurements in Flame C were: 0.30%, 0.41%, and 1.60% mole fraction. The 
first two standard deviations are for points fairly close to the burner, while the last is for a 
post-flame pair. This shows that for the post-flame measurements, the possible error in 
O2  measurements is + 0.016 mole fraction. For the post-flame O2  measurements, there­
fore, an actual mole fraction of 1.6 % will be accommodated by measured values ranging 
from 0 to 3.2%. It is obvious that a lower standard deviation is desirable for these post­
flame O2  measurements. Fortunately, it appears that the standard deviation was reason­
ably low for most of the flame, becoming unacceptably large only in the post-flame re­
gion.
NET REACTION RATE ANALYSIS
Using the general procedure of Fristrom and Westenberg (1965), net reaction rates 
for selected compounds were calculated for the three flames. The complete procedure is 
detailed in Morse, et al. (1988).
In Flame A some problems occurred in the net reaction rate analysis procedure. 
While the mass flux fraction profile for CH4  was satisfactory, the mass flux fraction pro­
file for CCI4  was not. The shape of the profile was correct, with a nearly horizontal sec­
tion next to the burner, indicating CCI4  destruction was not occurring there. (The correct 
profile shape also indicates the correct alignment of the concentration data and tempera­
ture profiles.) However, the mass flux fraction of CCI4  at that point was approximately 
0.007, and its mass fraction in the reactant flow was 0.035. Therefore, 80% by mass of 
the CCI4  present in the reactant flow had already decayed at a location just above the 
burner surface. Earlier in the communication, a destruction of 90% was cited. The dif­
ference between that number and the true destruction level of 80% is due to diffusion.
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Diffusion downstream reduces the measured amount of CCI4  early in the flame, and 
causes it to appear as if more CCI4  had reacted. The net reaction rate analysis corrects for 
diffusion and yields the actual quantity destroyed.
The large amount of destruction is not likely to have occurred in the gas phase 
within the very short distance between the burner and the first sampling point. In fact, the 
mass flux fraction profile indicates that gas phase reactions are not occurring in this zone. 
The large drop in the mass flux fraction of CCI4  from reactant levels to those at a point 
just above the burner must, therefore, be due to some other phenomena. Catalytic reac­
tions may be occurring at the burner surface (Miller, 1988) which destroy a large amount 
of CCI4  but very little CH4 . Flame-probe interaction may also occur (Rothschild, et al., 
1986). When a probe with a finite orifice diameter approaches the burner very closely, 
the sample is drawn from a region downstream of the tip. This effect can begin as early 
as two orifice diameters from the burner. The net reaction rate profile of CCI4  is ques­
tionable, therefore, due to obvious problems with the mass flux fraction profile. For CH4 
however, the net reaction rate profile (Figure 16) peaks at a location approximately three- 
fourths of the way through the luminous zone and appears to be quite reasonable.
For Flame B, the reaction rates of CH4  and CCI4  peak at about the same location 
in the flame (see Figure 17). Carbon tetrachloride peaks slightly earlier than CH4 , with 
its peak occurring about one-third of the way through the luminous zone. The peak of 
destruction rate of CCI4  is about one-fourth that of CH4 .
For Flame C, the net reaction rates of CH4  and CCI4  both peak before the lumi­
nous zone. These profiles are shown in Figure 18. The peak net reaction rate of CCI4  is 
about three-fourths that of CH4 .
The reaction rate profiles of CO and CO2  contain several interesting features. In 
Flame A, CO forms early and fairly slowly until just before 0.1 cm, where the rate in­
creases dramatically (Figure 19). A fairly sharp net formation peak occurs, and the rate 
then drops sharply to a net destruction peak. The peak net formation and destruction rates
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are about equal. Carbon dioxide starts forming comparatively early in the flame, at ap­
proximately 0.05 cm. It builds to a sharp peak at 0.095 cm, and the reaction rate then 
falls off sharply.
In Flame B, the CO reaction rate profile starts considerably before that of C02 
(Figure 20). It has peak formation and destruction rates that are nearly equal, giving it a 
"mirror image" about the zero reaction rate line. The CO2  profile comes to a definite 
peak and is symmetrical, however, it does not start ascending until 0 .1  cm above the 
burner. This indicates net CO2  production is delayed until that point.
Carbon monoxide starts forming early in Flame C and its profile has a broad peak 
of net formation. The reaction rate profile then falls off slowly to a sharp peak of net CO 
destruction. The formation of CO2  is delayed until approximately 0.1 cm above the 
burner. There is a steep rise in the net reaction rate of CO2  soon after net formation 
commences.
Variation of the Cl/H at constant <{>: Net reaction rates
A comparison of the peak net reaction rates of CCI4  and CH4  is provided in Table 
VI. Carbon tetrachloride destruction occurs most rapidly in Flame C. Insofar as the peak 
CCI4  rate is higher in the flame containing the most CCI4 , the dominant reactions through 
which CCI4  is processed are at least fractional order in CCI4 . The overall destruction 
level for Flame C (99.99% of the initial mass destroyed) is slightly higher than for Flame 
B (99.97% of the initial mass destroyed), as are the peak net reaction rates. This would 
seem to indicate a possible correlation between peak CCI4  reaction rate and overall CCI4  
destruction level. This correlation is in agreement with a similar observation made by 
Morse, et al, (1988). The lowest peak net reaction rate for CH4 is in Flame C and it has 
the lowest level of destruction of CH4  among the three flames (99.995%). This may in­
dicate a correlation between peak reaction rate and overall level of destruction for CH4  as 
well.
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Additional insight into the chemical mechanism may be gained by comparing the 
CO - CO2  profiles (Figures 19 - 21). Westbrook (1982) demonstrated that the presence of 
chlorine molecules leads to the catalyzed recombination of H atoms. This in turn reduces 
the rate of the important chain branching reaction:
H + 02  = OH + O (Rl)
which greatly reduces OH levels. Carbon monoxide oxidation occurs through either the 
"wet" or "dry" routes. The "wet" route involves OH attack on CO, while the "dry" route 
involves direct 0 2  attack on CO. Wires, et al. (1959) presented data that indicate that the 
"dry" route has an exceedingly low reaction rate. Therefore, it is reasonable to assume, 
that even under conditions of very low OH levels, CO oxidation in these flames still pro­
ceeds by the "wet" route, albeit at a much slower pace. The effect of the chlorine in the 
flame is to retard CO oxidation. This is evidenced in several ways. The time delay be­
tween net CO formation (early in the flame) and net CO2  formation increases as the Cl/H 
increases. The speed with which the CO profile changes from net formation to net de­
struction decreases as the Cl/H increases. For Flame A, CO drops from formation to de­
struction very quickly. This process is slightly slower in Flame B, and in Flame C, there 
is a very gradual change form net CO formation to net destruction. This seems to indicate 
that in Flames A and B, a pool of H atoms eventually builds up, creating a pool of OH 
radicals, which then greatly increases the destruction of CO. In Flame C, it appears that a 
large pool of OH radicals never accumulates, as evidenced by the slow decline of the CO 
profile.
The area of the CO net formation peak increases with the Cl/H ratio. There is a 
large increases from Cl/H ratio = 0.073 to 0.34 and a small increases again when Cl/H = 
0.61. This illustrates that CO formation is outpacing destruction at an increasing rate as 
the Cl/H increases. The overall effect of Cl inhibition of CO oxidation is therefore ex­
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hibited in three ways as the Cl/H increases: the increasing time delay between CO for­
mation and CO2  formation, the decreasing slope as CO undergoes a change to net de­
struction, and the increasing area of the CO formation peak.
SUMMARY
A series of three CH4/CCl4 /air flames of varying Cl/H ratio at constant <J> have 
been studied. Net reaction rates have been presented for CH4 , CCI4 , O2 , CO, and CO2 . 
The results shown in the paper demonstrate several effects that varying the Cl/H ratio has 
on the flame structure.
* As the Cl/H ratio rises, the stability of saturated hydrocarbons decreases greatly. 
This is due to increased H abstraction by the increasingly abundant Cl atoms.
* As the Cl/H ratio rises, the levels of C2H2  rise substantially, as do the levels of 
almost all other chlorinated species. Consequently, recombination reactions forming C2 
molecules become more important as the Cl/H ratio rises.
* The formation of CO2  is delayed as the Cl/H ratio increases. As the Cl/H ratio 
increases, larger amounts of CO molecules build up because their destruction is delayed 
by a shortage of OH radicals. This shortage is caused by chlorine catalyzed re­
combination of H atoms, reducing a chain branching reaction that forms OH.
* Calculations predict essentially zero levels of hydrocarbons and chlorinated 
hydrocarbons for equilibrium conditions at post-flame temperature levels. The presence 
of measurable quantities of hydrocarbons and chlorinated hydrocarbons in the post-flame 
zone of this work is, therefore, a consequence of kinetic limitations only.
* There is at least rough agreement between peak net reaction rates and overall 
destruction levels for both CH4  and CCI4 . Therefore, to achieve maximum destruction, it 
appears that the peak reaction rate may need to be maximized. This must be viewed 
with caution, however. At constant <j>, as the CI/H increases, so does the overall destruc­
tion level. However, a point will be reached where increasing the Cl/H ratio will decrease
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the overall destruction, since a pure CCI4  flame cannot be supported in air. Further study 
will be necessary to determine if an optimal Cl/H loading exists for maximizing overall 
destruction of CCI4 .
• While the net reaction rates obtained in this study are not quantitatively as reli­
able as one would wish because of the limited amount of species concentration data used 
to infer them, they are nonetheless useful. The net reaction rate profiles show trends in 
the data that cannot be seen from plots of mole fraction data. The effects of diffusion are 
so strong in these atmospheric pressure flames that kinetic information is essentially ob­
scured in mole fraction plots and can only be discerned after net reaction rates are gener­
ated.
• An analytical technique utilizing gas syringe sampling has been developed for 
atmospheric pressure samples and adapted for use with low pressure samples. The preci­
sion of the new method is somewhat worse than the static injection technique used previ­
ously. However, the problems involving sample absorption and adsorption and unequal 
sample distribution have been reduced. The next logical step in the development of this 
new method is to pursue a means of raising the sample pressure to atmospheric, without 
disturbing the operation of the gas sampling probe. Such a change will undoubtedly im­
prove the precision of the new method.
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Table I List of Target Compounds
GC#1
02
N2
CO
C02
CH4  (high level)
GC#2
CH4  (low level)
C2H2
C2H4
C2H6
CH3CI
CH2 CI2
CHCI3
CCI4
C2H3CI
1.1 C2H2 CI2
1.2 C2H2C12 
C2HCI3 
C2 CI4  
C2H5 CI
1.1 C2 H4 CI2
1.2  C2H4 CI2
1.1.2 C2 H3CI3
1.1.1.2  C2 H2 CI4
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Table n  Flame Parameters
Flame <t> Cl/H pov0a TLZb BLZC AQd
A 0.92 0.073 0.00727 0.108 0.038 150
Be 1 .02 0.34 0.00940 0.124 0.055 150
C 0.92 0.61 0.00907 0.139 0.050 170
a Reactant flow mass flux (g/cm^ sec) 
b Distance from the burner to the top of the luminous zone (cm) 
c Distance from the burner to the bottom of the luminous zone (cm) 
d Measured heat loss to the burner cooling water (W) 
e presented in Cundy, et al. (1987)
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Table HI Equilibrium Flame Calculations 
Flame A (Cl/H = 0.073, cj) = 0.92, post-flame temperature = 1734 K)
Normalized
measured Calculated equilibrium
post-flame mole fractions
Compound mole fractions 2206 Ka 1700 K 1800 K
CO 6.61E-3 4.40E-3 5.10E-5 1.54E-4
C 02 7.72E-2 8.81E-2 9.29E-2 9.27E-2
0 2 2.10E-2 1.55E-2 1.54E-2 1.52E-2
n 2 6.77E-1 7.00E-1 7.05E-1 7.04E-1
HC1 2.79E-2b 2.27E-2 2.47E-2 2.44E-2
h 2o 1.80E-lb 1.58E-1 1.61E-1 1.61E-1
h 2 1.50E-3 2.60E-5 7.01E-5
Cl 2.48E-3 5.55E-4 8.00E-4
Cl2 2.70E-6 8.34E-6 6.41E-6
H 2.25E-4 7.51E-7 3.00E-6
O 3.50E-4 5.55E-6 1.50E-5
OH 3.41E-3 2.46E-4 4.65E-4
a adiabatic flame temperature
b calculated from atom balances
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Table IV Equlibrium Flame Calculations 
Flame B (Cl/H = 0.34, <J> = 1.02, post-flame temperature = 1810 K)
Normalized
Compound
measured 
post-flame 
mole fractions 2239 Ka
Calculated equilibrium 
mole fractions 
1800 K 1900 K
CO 6.43E-3 1.59E-2 6.33E-3 6.99E-3
CO2 1.10E-1 9.97E-2 1.10E-1 1.10E-1
0 2 <MDLb 2.37E-3 1.27E-5 7.29E-5
N2 6.50E-1 6.43E-1 6.50E-1 6.49E-1
HCl 1.18E-10 1.07E-1 1.17E-1 1.16E-1
H2 O 1.16E-1C 1.15E-1 1.14E-1 1.15E-1
H2 3.41E-3 1.73E-3 1.75E-3
Cl 9.28E-3 7.71E-4 1.66E-3
Cl2 3.10E-5 5.96E-6 1.13E-5
H 4.08E-4 1.49E-5 3.32E-5
O 1.68E-4 4.34E-7 2.55E-6
OH 2.07E-3 6.66E-5 1.83E-4
a adiabatic flame temperature
b Method Detection Limit (Longbottom and Lichtenberg, 1982) 
c calculated from atom balances
Table V Equilibrium Flame Calculations 
Flame C (CI/H = 0.61, <j> = 0.92, post-flame temperature = 1878 K)
Compound
Normalized 
measured 
post-flame 
mole fractions 2161 K*
Calculated equilibrium 
mole fractions 
1850 K 1950 K
CO 3.46E-3 5.23E-3 3.85E-4 9.99E-4
C 02 1.25E-1 1.16E-1 1.21E-1 1.21E-1
0 2 2.07E-3 1.02E-2 1.13E-2 1.07E-2
N2 6.25E-1 6.12E-1 6.17E-1 6.16E-1
HC1 1.86E-lb 1.62E-1 1.74E-1 1.71E-1
H2 0 5.85E-2b 6.77E-2 6.38E-2 6.50E-2
H2 5.98E-4 5.07E-5 1.23E-4
Cl 2.17E-2 1.00E-2 1.32E-2
Cl2 2.78E-4 ' 6.34E-4 4.77E-4
H 1.10E-4 3.84E-6 1.27E-5
O 2.12E-4 2.06E-5 4.67E-5
OH 1.67E-3 3.65E-4 6.24E-4
a adiabatic flame temperature
b calculated from atom balances
Table VI Peak Net Reaction Rates (mol/cm^ sec)
Flame Flame Flame
Compound A________________ B_________________C
CCI4  * -2.2 E -4 -3.5 E-4
CH4  -6.5 E-4 -IE -3  -4.6 E-4
* not quantifiable - see text
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HEIGHT 02 N2
Table VH 
CO
Experimental Data 
C02
- Flame A 
CH4 CH3CL
Oa (cm) 1.92E-01 7.16E-01 0 0 9.15E-02 0
0.0073 9.92E-02 6.63E-01 1.48E-02 2.94E-02 4.29E-02 -
0.012 8.80E-02 6.63E-01 1.79E-02 3.31E-02 4.17E-02 3.84E-04
0.0127 1.07E-01 6.66E-01 1.38E-02 2.63E-02 3.38E-02 2.04E-04
0.0183 8.53E-02 6.59E-01 1.67E-02 3.43E-02 3.45E-02 -
0.019 9.21E-02 6.61E-01 1.60E-02 3.20E-02 3.31E-02 2.30E-04
0.0217 9.26E-02 6.55E-01 1.48E-02 3.15E-02 2.78E-02 2.41E-04
0.0267 7.31E-02 6.65E-01 1.90E-02 4.00E-02 3.08E-02 -
0.0347 7.41E-02 6.66E-01 1.84E-02 4.06E-02 2.31E-02 1.53E-04
0.037 7.21E-02 6.42E-01 1.71E-02 3.84E-02 2.44E-02 . 2.12E-04
0.04 6.11E-02 6.57E-01 1.98E-02 4.42E-02 2.14E-02 -
a inlet reactant values
Table VII Experimental Data - Flame A (cont.)
HEIGHT 02 N2 CO C02 CH4 CH3CL
0.0527 (cm) 6.04E-02 6.56E-01 1.89E-02 4.53E-02 1.40E-02 1.02E-04
0.058 6.30E-02 6.64E-01 1.81E-02 4.63E-02 1.26E-02 -
0.08 2.80E-02 6.70E-01 2.18E-02 6.25E-02 5.09E-03 3.57E-05
0.088 4.34E-02 6.64E-01 1.73E-02 5.73E-02 2.02E-03 1.77E-05
0.089 3.01 E-02 6.70E-01 1.92E-02 6.26E-02 3.17E-03 -
0.1073 3.78E-02 6.63E-01 1.28E-02 6.27E-02 1.03E-04 0
0.111 3.12E-02 6.77E-01 1.32E-02 6.78E-02 7.97E-05 0
0.1153 2.15E-02 6.81E-01 1.32E-02 7.29E-02 - - ■
0.1397 2.40E-02 6.66E-01 8.84E-03 7.29E-02 0 0
0.2817 1.64E-02 6.74E-01 7.28E-03 7.87E-02 0 0
0.589 2.56E-02 6.80E-01 5.93E-03 7.56E-02 _
Table VII Experimental Data - Flame A (cont.)
HEIGHT CHCL3 CCL4 C2H2 C2H4 C2H3CL 11C2H2CL2
(^(cm) 0 6.72E-03 0 00 0 0
0.012 0 6.55E-04 7.25E-04 1.23E-03 4.30E-04 2.25E-03
0.0127 1.59E-05 5.26E-04 4.75E-04 7.38E-04 2.61E-04 1.40E-03
0.019 0 6.36E-04 4.42E-04 7.86E-04 2.30E-04 1.38E-03
0.0217 2.10E-05 7.68E-04 7.45E-04 9.39E-04 3.10E-04 1.50E-03
0.0347 0 3.59E-04 6.71E-04 6.56E-04 1.98E-04 8.61E-04
0.037 0 4.25E-04 8.06E-04 8.54E-04 2.72E-04 1.18E-03
0.0527 0 1.26E-04 5.73E-04 5.10E-04 1.45E-04 5.12E-04
0.08 0 0 5.11E-04 2.67E-04 5.37E-05 1.29E-04
0.088 0 0 3.73E-04 1.13E-04 2.07E-05 4.86E-05
0.1073 0 0 1.45E-04 0 0 4.38E-06
0.111 0 0 1.30E-04 0 0 6.31E-06
0.1397 0 0 0 0 0 0
0.2817 0 0 0 0 0 4.52E-06
a inlet reactant values
TAble VII Experimental Data - Flame A (cont.)
HEIGHT C2HCL3 C2CL4 C2H6 1112C2H2CL4 HEIGHT GAS TEMP
Oa (cm) 0 0 0 0 0.067 (cm) 1841.74 (K)
0 .0 1 2 0 0.00E+00 7.21E-05 0 0.076 1850.99
0.0127 2.23E-05 2.39E-05 4.82E-05 0 0.089 1853.31
0.019 0.00E+00 0.00E+00 4.73E-05 0 0.111 1838.27
0.0217 2.32E-05 2.55E-05 5.73E-05 0 0.129 1881.63
0.0347 1.29E-05 1.68E-05 2.98E-05 3.95E-05 0.145 1822.10
0.037 0 0 4.00E-05 0 0.195 1785.30
0.0527 0 0 0 0 0.26 1764.68
0.08 0 0 6.41E-06 0 0.268 1763.53
0.088 0 0 0 0 0.383 1734.99
0.1073 0 0 0 0 0.396 1733.85
0.111 0 0 0 0
0.1397 0 0 0 0
0.2817 0 0 0 0
a inlet reactant values
HEIGHT 0 2 N2
0 a (cm) 1.80E-01 6.85E-01
0.0174 1.21E-01 6.86E-01
0.0375 1.02E-01 6.84E-01
0.0607 8.34E-02 6.93E-01
0.0763 6.33E-02 6.92E-01
0.0974 3.48E-02 6.95E-01
0.1044 3.76E-02 7.11E-01
0.1194 1.52E-02 7.24E-01
0.145 6.63E-03 7.31E-01
0.1583 4.94E-03 7.36E-01
0.1807 3.61E-03 7.53E-01
0.1944 2.94E-03 7.27E-01
0.3999 0 7.22E-01
0.3999 0 7.22E-01
0.6086 0 7.25E-01
Table Vm  Experimental Data - Flame B 
CO C02 CH4
0 0 9.20E-02
1.77E-02 2.63E-02 4.07E-02
2.28E-02 3.40E-02 2.90E-02
2.85E-02 4.28E-02 1.92E-02
3.35E-02 5.30E-02 1.05E-02
4.18E-02 7.18E-02 6.76E-04
4.29E-02 6.89E-02 9.83E-04
3.43E-02 9.09E-02 0
2.09E-02 1.06E-01 0
1.71E-02 1.11E-01 0
1.41E-02 1.16E-01 0
1.25E-02 1.16E-01 0
8.84E-03 1.18E-01 0
9.04E-03 1.20E-01 0
7.17E-03 1.23E-01 0
CH3CI
0
9.47E-04
7.78E-04
5.87E-04
3.73E-04
2.10E-05
2.80E-05
0
0
0
0
0
0
0
0
a inlet reactant values
Table VIE Experimental Data - Flame B (cont.)
HEIGHT CHCI3 CC14 C2H2 C2H4 C2H3CI 11C2H2C12 12C2H2C12
Ga (cm) 0 3.10E-02 0 0 0 0 0
0.0174 1.57E-04 1.64E-02 1.52E-03 7.66E-04 2.80E-04 >4.50E-03 2.00E-05
0.0375 1.60E-04 1.22E-02 2.06E-03 7.84E-04 3.34E-04 >4.50E-03 2.40E-05
0.0607 1.47E-04 7.73E-03 2.78E-03 6.93E-04 3.73E-04 >4.50E-03 2.90E-05
0.0763 1.22E-04 2.63E-03 3.44E-03 5.32E-04 3.23E-04 4.43E-03 2.80E-05
0.0974 1.00E-05 3.00E-05 >3.50E-03 3.10E-05 4.90E-05 4.65E-04 6.00E-06
0.1044 1.40E-05 6.10E-05 >3.50E-03 4.80E-05 7.00E-05 6.97E-04 8.00E-06
0.1194 5.00E-06 1.52E-04 9.80E-05 0 2.00E-06 0 2.50E-06
0.145 1.00E-05 1.00E-05 2.50E-06 0 0 0 0
0.1583 1.10E-05 1.60E-05 4.00E-07 0 0 0 0
0.1807 1.40E-05 7.00E-06 0 0 0 0 0
0.1944 1.50E-05 6.00E-06 0 0 0 0 0
0.3999 1.70E-05 5.00E-06 0 0 0 0 0
0.3999 6.00E-06 1.60E-05 0 0 0 0 0
0.6086 7.50E-06 1.00E-05 0 0 0 0 0
a inlet reactant values
Table VUI Experimental Data - Flame B (cont.)
HEIGHT C2HC13 C2G14 C2H6 1112C2H2C14 HEIGHT GAS TEMP.
0 a (cm) 0 0 0 0 0.048 (cm) 1757.81 (K)
0.0174 2.07E-04 6.08E-04 6.00E-05 4.70E-05 0.086 1874.32
0.0375 2.40E-04 6.17E-04 4.10E-05 5.50E-05 0.134 1907.11
0.0607 2.87E-04 6.32E-04 1.90E-05 6.80E-05 0.214 1890.69
0.0763 2.43E-04 5.35E-04 7.00E-06 5.00E-05 0.467 1852.89
0.0974 4.30E-05 1.05E-04 0 6.00E-06 0.919 1809.64
0.1044 5.90E-05 1.46E-04 0 5.00E-06
0.1194 9.00E-06 1.70E-04 0 0
0.145 0 0 0 0
0.1583 0 0 0 0
0.1807 0 0 0 0
0.1944 0 0 0 0
0.3999 0 0 0 0
0.3999 0 0 0 0
0.6086 0 0 0 0
a inlet reactant values
Table DC Experimental Data - Flame C
HEIGHT 0 2 N2 CO
Oa (cm) 1.82E-01 6.77E-01 0
0.019 1.23E-01 6.19E-01 3.89E-02
0.0357 1.21E-01 6.40E-01 4.47E-02
0.0537 U1E-01 6.80E-01 5.25E-02
0.068 9.16E-02 6.49E-01 5.73E-02
0.068 8.74E-02 6.27E-01 5.66E-02
0.0977 7.12E-02 6.38E-01 6.42E-02
0.1387 3.37E-02 6.57E-01 5.68E-02
0.1393 2.79E-02 6.93E-01 6.11E-02
0.172 2.67E-02 6.97E-01 2.78E-02
0.1723 4.13E-03 6.53E-01 2.72E-02
0.2027 6.98E-03 7.21E-01 2.07E-02
0.3043 2.90E-03 6.75E-01 5.39E-03
0.3915 0 6.87E-01 5.35E-03
0.5045 2.37E-03 7.16E-01 3.96E-03
C02 CH4 CH3CL CH2CL2
0 8.28E-02 0 0
9.30E-03 1.60E-02 1.39E-03 1.13E-04
1.23E-02 9.48E-03 8.44E-04 1.11E-04
2.01E-02 6.23E-03 5.22E-04 9.22E-05
2.63E-02 2.63E-03 3.03E-04 9.86E-05
2.56E-02 2.07E-03 - -
3.79E-02 2.50E-03 2.73E-04 6.21E-05
7.14E-02 1.60E-04 4.00E-05 1.64E-05
8.39E-02 5.68E-05 1.15E-05 9.60E-06
1.02E-01 2.45E-06 1.34E-06 5.00E-06
1.12E-01 3.60E-06 1.40E-06 1.73E-05
1.28E-01 6.80E-06 2.26E-06 6.25E-06
1.30E-01 2.90E-06 0 3.80E-06
1.45E-01 3.60E-06 2.00E-06 4.10E-06
1.43E-01 3.14E-06 1.32E-06 3.70E-06
a inlet reactant values
Table DC Experimental Data - Flame C (cont.)
HEIGHT CHCL3 CCL4 C2H2
0a (cm) 0 5.08E-02 0
0.019 3.75E-04 1.22E-02 S2.87E-03
0.0357 3.76E-04 6.60E-03 >3.12E-03
0.0537 3.67E-04 6.34E-03 S3.06E-03
0.068 3.46E-04 5.33E-03 >3.14E-03
0.0977 2.82E-04 4.76E-03 S2.99E-03
0.1387 3.20E-05 4.34E-05 >3.04E-03
0.1393 1.90E-05 2.05E-04 £3.14E-03
0.172 0 3.90E-05 2.04E-04
0.1723 0 7.89E-05 7.92E-05
0.2027 0 7.70E-05 2.12E-05
0.3043 0 2.02E-05 5.50E-06
0.3915 0 1.14E-05 1.40E-06
0.5045 0 8.30E-06 7.80E-07
a inlet reactant values
C2H4 C2H3CL 11C2H2CL2 12C2H2CL
0 0 0 0
8.67E-04 1.12E-03 >8.39E-03 8.74E-05
5.37E-04 9.67E-04 >8.22E-03 9.16E-05
2.72E-04 4.65E-04 >7.61E-03 7.32E-05
6.45E-05 2.10E-04 >6.62E-03 7.13E-05
1.39E-04 1.56E-04 5.02E-03 5.22E-05
O.OOE+OO 1.68E-05 1.38E-04 2.02E-05
0.00E+00 1.57E-05 2.97E-05 8.10E-06
3.90E-07 3.60E-06 4.15E-06 0
6.50E-07 2.80E-06 1.59E-05 0
1.00E-06 5.60E-07 3.71E-05 0
6.50E-07 0 9.00E-06 0
1.09E-06 0 4.40E-06 0
1.15E-06 5.90E-07 4.40E-06 0
Table IX Experimental Data - Flame C (cont.)
HEIGHT C2HCL3 C2CL4 C2H6 C2H5CL 11C2H4CL2 1112C2H2CL4
0 a (cm) 0 0 0 0 0 0
0.019 9.69E-04 8.93E-04 1.23E-05 2.00E-06 4.20E-06 1.33E-04
0.0357 1.02E-03 1.14E-03 1.50E-06 0 3.20E-06 1.43E-04
0.0537 1.02E-03 1.36E-03 O.OOE+OO 0 1.70E-06 2.52E-04
0.068 9.36E-04 1.61E-03 0.00E+00 0 0 0
0.0977 5.99E-04 2.37E-03 4.78E-07 0 0 0
0.1387 8.41E-05 2.68E-04 0 0 0 0
0.1393 1.20E-05 1.12E-04 0 0 0 0
0.172 4.00E-06 2.56E-05 0 0 0 0
0.1723 1.12E-05 3.79E-05 0 0 0 0
0.2027 1.65E-05 6.39E-05 0 0 9.65E-07 0
0.3043 0 1.52E-05 0 0 0 0
0.3915 0 . 0 0 0 0 0
0.5045 0 0 0 0 0 0
a inlet reactant values
Table IX Experimental Data - Flame C (cont.)
HEIGHT GAS TEMP. HEIGHT GAS TEMP.
0.064 (cm) 1727.05 (K) 0.224 (cm) 1913.81 (K)
0.068 1720.34 0.237 1925.28
0.093 1800.09 0.257 1925.28
0.095 1774.17 0.271 1921.84
0.098 1792.19 0.301 1921.83
0.106 1805.74 0.302 1921.83
0.146 1857.88 0.36 1919.53
0.147 1863.57 0.369 1917.24
0.147 1870.40 0.394 1916.09
0.16 1864.71 0.435 1912.65
0.193 1909.23 0.48 1905.77
0 .2 1911.52 0.584 1895.47
0 .2 2 2 1918.40 0.745 1878.33
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SYNOPSIS OF NET REACTION RATE ANALYSIS
The net reaction rates for each flame were calculated using the procedures in Ap­
pendix I. The rates were presented for CH4  and CCI4  for each flame, and CO and CO2  
for three flames. A description of the iterations performed and problems encountered for 
each flame will be given, followed by some general observations on the net reaction rate 
calculation process. The reader is referred to page 79 for identification of the flame num­
bers.
The data of Flame 1 were best behaved. Three different alignments of 
concentration data versus temperature data were attempted. These included the original 
alignment of concentration data, an alignment 0 .0 2  cm away from the burner, and an 
alignment 0.02 cm toward the burner from the original position. Each different alignment 
of the data required two runs of the program to calculate net reaction rates. An estimate 
of the HC1 and H2 O profiles was done as input to the first run. The results were then 
used to re-estimate the HC1 and H2 O profiles which were used as input for the second 
run. Closure of the hydrogen and chlorine atom balances was normally accomplished at 
the end of the second run, and this was true for all five flames. For Flame 1, the original 
data alignment provided the best fit. Neither the CH4  or CCI4  mass flux fraction profiles 
had peaks in them and they did not begin to drop until a sufficient temperature was 
reached. Moving the concentration data toward the burner caused a peak to appear in the 
CH4  mass flux fraction profile, signifying net production of fuel; while moving the 
concentration data away from the burner made the profile drop too early in the flame.
Flame 2 was analyzed with three different alignments of concentration data and 
temperature data. The locations were the original alignment, the concentration data 
moved 0.04 cm away from the burner, and moved 0.04 cm toward the burner. The origi-
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nal alignment proved most successful in this case. Perturbations in the alignment pro­
duced similar effects to those seen in Flame 1, but of lesser magnitude.
Flame 3 was also analyzed at three alignments: the original alignment, the 
concentration data moved 0.029 cm and 0.058 cm away from the burner. The alignment 
with the concentration data shifted 0.029 cm proved most satisfactory. The preheat re­
gion of the CH4 and CCI4  mass flux fraction profiles prior to the reaction region (see 
Figure IV-1) for this flame required more smoothing than did the first two flames. This 
smoothing was necessary to reduce small spurious fluctuations in the derivative of this 
profile, which is proportional to the net reaction rate.
The previous three flames all exhibited CH4  profiles that looked similar to Figure 
IV-1. The mass flux fraction begins at a value near the inlet reactant mass fraction as it 
should. This is followed by a horizontal or gradually sloping region, and then a sharply 
sloped region. The first region is the preheat region and the second is the reaction re­
gion. Flames 4 and 5, however, exhibited atypical profiles. In these two flames, the 
reaction regions apparently started at or before the first measured mole fraction location.
Flame 4 was not amenable to net reaction rate analysis. Although four different 
alignments were attempted (the original alignment, the concentration data shifted 0.029 
cm away from the burner, 0.058 cm away, and 0.029 cm toward the burner), none altered 
the CCI4  mass flux fraction profile enough to make it appear reasonable. The preheat re­
gion was very nearly horizontal and stayed at a value near one-fifth of the inlet reactant 
mass flux fraction. This meant that 80% of the CCI4  had been destroyed by the first data 
point. The full ramifications of this are discussed in Appendix IV. The alignment used 
to generate CH4 , 02, CO, and CO2  reaction rates was the original alignment.
Flame 5 was analyzed at 4 different alignments of temperature and concentration 
data. These included the original alignment, the concentration data shifted 0.04 cm away 
from the burner, shifted 0.036 cm away, and 0.04 cm toward the burner. Placing the con­
centration data 0.036 cm away form the burner (leaving the temperature data stationary)
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produced the best mass flux fraction profiles. The CH4  profile, which for Flames 1 -3  
had an extensive preheat zone, had a short preheat zone in this flame. This is probably 
due to the closeness of the flame zone to the burner. Even though the bottom of the lu­
minous zone (at 0.05 cm) was not as close to the burner as Flame 3 (0.034 cm, the lowest 
of all five flames) the heat loss to the burner cooling water was considerably greater, in­
dicating the flame was stabilized to a greater degree.
It was hoped that the final alignments of concentration and temperature data 
would provide some insight into the isokineticity of the sampling probes. If a consistent 
offset occurred, this would probably indicate the relative positions of the probe tip and the 
region the probe was sampling from. However, this was not the case. The final align­
ments are probably due to alignment errors made with the measuring instruments. 
Senkan, et al. (1987) estimate a ±0.025 cm error in the absolute distance between their 
concentration profiles and the burner surface. It would appear that the data discussed 
here has a similar error in absolute distance.
A critical review of the net reaction rate analysis procedure yields several conclu­
sions. As Fristrom and Westenberg (1965) noted, the procedure essentially involves tak­
ing second derivatives of species profiles. This results in substantial problems with the 
process. The flames analyzed here contained approximately 15 spatial data points per 
compound. There was also typically considerable scatter in those profiles. Fitting a reli­
able curve to scanty data that exhibitis some scatter is difficult. The smallest inflection 
may greatly alter the second derivative.
All other aspects of the net reaction rate analysis seem to work well. There is not 
a great sensitivity to the temperature profile as far as calculation of the actual net reaction 
rates is concerned. This is demonstrated by the moderate changes that occur in the mass 
flux fraction profiles when the temperature and concentration profiles are shifted. How­
ever, fitting of net reaction rates to kinetic models requires a high degree of confidence in
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the temperature profile since reaction rate coefficients are highly dependent on tempera­
ture.
Estimation of the HC1 and H2 O profiles by element conservation also works well. 
This, however, also demonstrates the shortcomings of estimating HC1 and H2 O by atom 
counting, which does not include diffusional effects. Atom counting is used to estimate 
the HC1 and H2 O profiles for the initial analysis. After diffusional effects are included, 
the true atom conservation is much different than the non-diffusional estimate. Errors of 
20 - 30% are possible when the diffusional effects are neglected.
For a high quality net reaction rate analysis, concentration data must be taken at 
very short distance intervals, with replicates at each point. The precision of such data 
must necessarily be very good to ensure that the error in the first and second derivatives is 
small. The data points should be concentrated in the region of steepest gradient, if possi­
ble. A conservative estimate is that 30 - 40 locations in the flame would be the minimum 
data necessary, with three replicates at each location, in order to yield net reaction rates 
that can be used quantitatively for kinetic modeling. Clearly, any of the flames observed 
in this initial work could be re-studied in much greater detail, resulting in more quantita­
tively accurate results.
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Figure IV-1 Typical fuel mass flux fraction profile
CHAPTER V CONCLUSIONS AND RECOMMENDATIONS
A series of five CCl4 /CH4 /air flames have been studied. The facility used to 
study the flames has been described, including a novel pump/scrubber system for collec­
tion and treatment of corrosive flue gases. A new gas chromatography method utilizing 
gas syringe techniques has been developed for use in low pressure flame sampling. Sta­
ble species mole fraction and flame temperature data have been presented, and net reac­
tion rates have been calculated for CH4 f CCI4 , CO, and CO2 .
A number of conclusions can be drawn from the material presented. Some pertain 
only to the study shown here, while others have application to incineration. These 
conclusions follow.
• An extensive survey of the scientific literature shows that the only kinetic infor­
mation available for CCI4  is for non-flame-mode destruction.
• The literature also shows that the most critically needed information for inciner­
ator models is reliable non-flame and flame-mode destruction kinetics.
• A reliable, inexpensive pump/scrubber system has been constructed to collect 
and treat corrosive flue gases and to provide a slight vacuum in the combustion chamber. 
This device works very well for atmospheric pressure flames.
• An analytical method utilizing gas syringe techniques has been developed for 
atmospheric pressure sampling and adapted for use with low pressure samples. The 
precision of the method is somewhat worse than with the static injection method used 
previously. However, the problems involving sample absorption and adsorption and un­
equal sample distribution have been virtually eliminated.
• A mass destruction of CCI4  of near 99.99% was achieved in all five flames studied. 
This destruction occurred within a 10 ms residence time in the flame zone. This
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demonstrates the potential of a flame zone for very high destruction efficiencies if the 
waste is already vaporized and intimately mixed with the oxidizer.
• Two types of stable intermediates are observed in these flames. Type B 
intermediates have a probable potential to become products of incomplete combustion.
• The most likely potential PIC for CCL4 flames is CHCI3 , based on its appearance 
as a type B compound in three of the flames studied. This phenomenon was also ob­
served by Senser (1985) in CH2 CI2  flames.
• No type B stable intermediates were observed in the fuel rich flame studied. The 
enhanced ability of a fuel rich flame zone to process heavily chlorinated compounds may 
make a two zone incinerator an attractive option (Cundy, et al., 1986). A fuel rich pri­
mary processor would effectively decompose heavily chlorinated compounds. This 
would be followed by a fuel lean zone to ensure CO and hydrocarbon bum-up.
• As the Cl/H ratio increases, the stability of saturated hydrocarbons decreases 
greatly. This is due to increased H abstraction by the much more abundant Cl atoms.
• As the Cl/H ratio increases, the levels of C2 H2  rise dramatically, as do the levels 
of almost all chlorinated species. This indicates that recombination reactions forming C2 
molecules become more important as the Cl/H ratio increases.
• For this study, there does not appear to be a correlation between CO levels and 
the overall mass destruction of CCI4 . In Flame C, the mole fraction of CO in the post­
flame was 4.9%, but no CCI4  was detected. Therefore, a high level of CCI4  destruction is 
possible in a combustion environment producing a large amount of CO.
• Equilibrium calculations show that hydrocarbons and chlorinated hydrocarbons 
are present at less than 1 ppb at post-flame temperatures under equilibrium conditions. 
Therefore, the presence of hydrocarbons and chlorinated hydrocarbons in the post-flame 
region at ppm levels of the studied flames clearly indicates that equilibrium has not been 
achieved. This is because the reaction kinetics are not fast enough to produce equilibrium
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conditions by the end of the post-flame region. By extension, the presence of PICs at the 
exit of an incinerator is not due to equilibrium constraints (Senser, 1985).
• While the net reaction rates obtained in this study are not quantitatively usable 
because of the .limited amount of species concentration data used to construct them, they 
are nonetheless useful. The net reaction rate profiles show trends in the data that cannot 
be seen from plots of the mole fraction data. The effects of diffusion are so strong in 
these atmospheric pressure flames that kinetic information is obscured in mole fraction 
plots and can only be discerned after net reaction rates are generated.
• For all flames studied, there appears to be a correlation between peak net reac­
tion rate and overall level of destruction for both CCI4  and CH4 . Therefore, to achieve 
maximum destruction, it appears that the peak net reaction rate may need to be maxi­
mized. For flames of a given Cl/H ratio, a fuel-rich stoichiometry provides the highest 
peak reaction rate.
• As the Cl/H ratio increased at constant <j), the peak net reaction rate for CCI4  in­
creased. This indicates that the reactions accounting for the majority of CCI4  destruction 
have at least fractional reaction orders in CCI4 .
• For the entire series of five flames studied, the flame with the highest Cl/H ratio 
had the highest net reaction rate. However, a point will obviously be reached where 
raising the Cl/H ratio will decrease the overall destruction. A pure CCI4  flame cannot be 
supported in air. Further study will be necessary to determine if an optimal Cl/H loading 
exists for maximizing overall destruction of CCI4 .
• The net formation of CO2  is delayed as the Cl/H ratio increases. As the Cl/H 
ratio increases, large amounts of CO molecules accumulate because the destruction is 
delayed by a shortage of OH radicals. This shortage is caused by a chlorine catalyzed re­
combination of H atoms, reducing a chain branching that forms OH.
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• These flame studies provide a complete set of data to check detailed chemical 
kinetic models. Considerable success has already been made in a comparison of the 
CH2 CI2  data of Senser (1985) with a detailed kinetic model (Miller, et al., 1988).
The problems encountered during and the conclusions drawn from this study sug­
gest a number of recommendations concerning future work in this area.
• The precision of the analytical technique should be improved by raising the 
pressure of the sample to atmospheric in the sampling manifold. However, this must be 
done in such a manner that the operation of the gas sampling probe is not disturbed.
• The length of time needed to perform a GC analysis needs to be reduced sub­
stantially. This will allow sampling at more locations during a flame experiment. If the 
analysis time is reduced to 10 minutes, this will allow approximately four times as many 
samples to be taken. Ten minutes is the average time needed for setting up at a new sam­
pling location and taking the samples.
• A number of unknown compounds are observed in the flame sample chro­
matographs. They point out the need for a dedicated mass spectrometer to be used in 
conjunction with the GCs. This will allow identification of a larger number of stable in­
termediates.
• A technique for measuring radical concentrations in the flame is highly desir­
able. In particular, the concentrations of H, OH, and Cl should be measured.
• The use of several sizes of thermocouple beads for temperature measurement is 
desirable in order to gain an independent estimate of gas temperature in the flame. The 
gas temperature can be estimated by extrapolating to a bead of zero diameter. This will 
provide a check on the temperature correction algorithm.
• Chloroform has been detected as a candidate PIC in the flames presented here 
and those of Senser (1985), but questions still remain as to whether this phenomena is real 
or a by-product of the experimental technique used. A carefully designed set of experi­
ments to check the validity of the observed behavior of CHCI3 is needed. Concentration
205
measurements made with an optical technique would eliminate the probe effects that oc­
cur with the present sampling technique.
• For CCI4  flames it would appear that the derivation of simple kinetic model 
from detailed models will occur before such models can be generated from net reaction 
rates (Miller, 1988). These simple models developed from detailed models must be tested 
against all the available data, including the flame data described here, and shock tube 
data.
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APPENDIX I NET REACTION RATE DERIVATION
The data collected from the flat flame, after reduction, is a collection of discrete 
points of diy mole fraction and temperature versus distance above the burner. These data 
must be translated into net mass flux fraction profiles, whose derivative is the net reaction 
rate profile. This scheme is described below, taken from Fri strom and Westenberg 
(1965). It should be noted that establishing the net mass flux fraction profiles involves 
two nested iterative procedures.
1. Since HC1 and H2 O are not measured in the flames it is necessary to calculate 
their mole fractions from atom conservation. To do this, it is first necessary to assume 
that the diffusion velocities of all H and Cl containing species are zero (this will be cor­
rected in a later step). The mole fraction of HC1 is computed by solving Equation AI-1 
for Cl atoms. Next, the mole fraction of H2 O is computed by solving this equation for H 
atoms. The cold gas flow into the burner provides the reference constant for each case.
2. Normalize all mole fractions so that the sum of the mole fractions is equal to
unity.
3, Compute the diffusion velocity at each point for each species. Equation AI-2 
is used to obtain the diffusion velocities for all species except N2. It is a form of Fick's
Vi xj 
xinert constant (AI-1)
vi = number of atoms of element in question in the ith species 
x{ = mole fraction of species i
xinert = mole fraction of inert species, which in this case is N2
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Law. The diffusion velocity of N2  is not calculated, since the model used for diffusion 
coefficients is the "trace in a mixture" model, which is not valid for a species present in 
large proportions. The "trace in a mixture" model is Equation AI-3 in which the diffusion 
coefficient of each species is calculated by considering it to be present in a small quantity.
Vi = - D i i ^  (AI-2)
1-yi
Di = « ■ .-  (AI-3)— —
V  —
k*i
Vi -  diffusion velocity of species i
Di = mixture diffusion coefficient of species i
Dik = binary diffusion coefficient of species i with species k
yi = mass fraction of species i in the mixture
z = distance above the burner
Binary diffusion coefficients are obtained using the TRANFIT computer program 
from Kee, et al. (1983). This computer program uses the Lennard-Jones potential func­
tion for non-polar molecules and the Stockmayer potential for polar molecules. It cor­
rects for the interaction of polar and non-polar molecules and also uses the second order 
correction of Marrero and Mason (1972).
The binary diffusion coefficients are fitted by TRANFIT as a function of temper­
ature using Equation AI-4.
4
X  dik„ (In T)"-1 
lnDik = —  p-----------  (AI-4)
22 0
T ~ absolute temperature 
dikn = equation fitting constants 
P = absolute pressure
The temperature measurements from the data are either fitted to a polynomial 
function or are digitized and then interpolated to provide a temperature at each of the 100 
points used in calculating the net reaction rates. The distance between the burner and the 
temperature measurement closest to the burner is filled with a linear temperature profile. 
The burner temperature is considered to be 35 K higher than the average of the cooling 
water inlet and outlet temperatures. The mole fractions are taken directly from step 2. 
The derivative of the mole fraction of the ith species with respect to height above the 
burner is done by fitting the normalized mole fractions to a polynomial function and tak­
ing its derivative at each location. If the mole fraction profile cannot be fitted to a func­
tion, the profile is digitized and then interpolated to provide a measurement at each of the 
100 points. A numerical derivative is then taken of the digitized data.
4. Computation of the net mass flux fractions at each location is performed by 
solving the following equation, except for N2- The mass flux fraction of N2 is calculated 
using Equation AI-6. The mass flux fraction of N2 is calculated in such a fashion to en­
sure mass conservation (the sum of the mass flux fractions equals one). It is necessary to 
do this since no diffusion velocity is calculated for N2, therefore precluding calculation of 
its mass flux fraction.
yi(v + Vi) , ATrs
Oi = ------   (AI-5)
GN2 = l - £ Gi,sN2 (AI-6)
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Gi = mass flux fraction of species i 
v = velocity of bulk gas
The bulk gas velocity is solved for using the continuity equation (AI-7), with the 
assumption that the area ratio is equal to unity (no expansion of the flame area with in­
creasing height above the burner).
5. Check to ensure mass conservation by solving equation AI-8 for Cl and for H 
atoms. If the diffusion velocities of the significant carriers of these atoms are low com­
pared to the bulk gas velocity, no correction will be needed. If significant deviations are 
found, it is necessary to correct the mole fractions of HC1 and H2 O at each point and go 
back to step 2.
P^xiMi
PoVqRT (AI-7)
p S3 density of bulk gas
R ~ universal gas constant
Mj s= molecular weight of species i
subscript o indicates initial cold gas flow condition
constant (AI-8)
6. Check the form of the mass flux fraction profile for each fuel. These profiles 
should have no net production of fuel at any point. They should not drop too early in the
2 2 2
flame, where the temperature is low. If either condition occurs, the concentration and 
temperature profiles are not adequately aligned, and it is necessary to shift the concentra­
tion profile relative to the temperature profile and return to step 2. The rationale for 
shifting of the profiles is recognition that the thermocouple bead measures temperature at 
its exact location in the flame, while the gas sampling probe is actually sampling 
approxiamtely two to three orifice diameters upstream of the tip (Milne and Green, 1965). 
Therefore the concentration profile may be somewhat displaced from its true position.
7. Check equation AI-8 for C atoms to gain insight into the accuracy of the data. 
Since most compounds that contain C are actually measured, this should provide a means 
of checking the completeness of the data. This is the "true" carbon balance.
8. Calculate the net reaction rate profile for each compound of interest by solving 
equation AI-9. Once again, the area ratio is assumed to be unity.
T^ . PoVo dGi , ,  T ™
Kl"T3T'3r (AI‘9)
Kj = net reaction rate of species i
APPENDIX II GAS TEMPERATURE CORRECTION ALGORITHM
The procedure for calculating the gas temperature from the measured thermocou­
ple bead temperature is the method implemented by Jang (1984) and modified by Senser 
(1985). One additional change has been made to the algorithm. The procedure is based 
on seven assumptions:
1. The thermocouple bead is spherical.
2. The heating of the bead by catalytic reactions at the bead surface is small.
3. The cooling of the thermocouple bead by conduction to the supporting wires is 
small.
4. Emissivity is assumed equal to the absorptivity for all surfaces.
5. Reflections from all surfaces are not used in this algorithm.
6. Radiation heat exchange between the flame and the bead are assumed small.
7. Radiation absorption of heat fluxes leaving the bead by the combustion prod­
ucts is assumed small.
Based on these assumptions, the energy balance for the thermocouple bead may 
be written as follows:
Tg - Tt = T  - EsFsTj - EbFbTfc - ewF v /r t  j  (An-1)
Tg = gas temperature
Tt = thermocouple bead temperature (K)
Ts = flame stabilization screen temperature (K)
Tb = burner surface temperature (K)
Tw = combustion chamber wall temperature (K)
<y = Stefan-Boltzman constant 
e = thermocouple bead emissivity
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6s = flame stabilization screen emissivity
eb = burner surface emissivity
ew = combustion chamber wall emissivity
h = average convection coefficient at bead surface
Fs = view factor from thermocouple bead to the flame stabilization screen
Fb = view factor from the bead to the burner surface
Fw = view factor from the bead to the combustion chamber walls
The flame stabilization screen and the burner surface are both circular. Siegel and 
Howell (1972) give the view factor from a sphere to a disk of radius a separated by a dis­
tance y as:
F = 0.5 1 - z
(An-2)
Therefore,
Fb=0.5 1-
(An-3)
z = distance from bead to burner surface
rb = burner diameter.
Likewise,
Fs=0,5 1 ------
. (r* + zs) . (AIM)
zg = distance from the bead to the flame stabilization screen
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ZS =  Zt - 2
zt = total distance from the burner to the flame stabilization screen 
rs = flame stabilization screen diameter.
The combustion chamber walls absorb all the radiation energy emitted by the bead 
that is not absorbed by the burner surface or the screen. Therefore,
Fw = 1 - Fs - Fb. (An-5)
In order to determine the convection coefficient (h), a correlation is needed. The 
Reynolds number at the bead is on the order of 0.5, so the correlation of Eckert and Drake 
(1972) for Reynolds numbers approaching zero was used.
Nu = Y- =  2 .0  +  0 .2 3 6 ( R e ) ° - 6 0 6  (P r )0 .3 3 3  (AII-6)
Nu = Nusselt number 
d = thermocouple bead diameter 
k = thermal conductivity of gas 
Re = Reynolds number ^
Pr = Prandtl number = 
r  = mass density of gas
v = freestream velocity of gas (calculated using equation AI-7). 
p. = absolute viscosity of gas
Cp = constant pressure specific heat of gas on a mass basis 
For this correlation, gas properties are to be calculated at the film temperature, Tf. 
This makes the temperature correction process iterative since,
Tf = 0 .5  (Tg + Tt). (An-7)
The gas properties p, |i, Cp, and k are all for a gas mixture. The density is calcu­
lated using the ideal gas equation, with the average moleculer weight, M.
R = universal gas constant
P -  absolute pressure 
M = average molecular weight = ^  xjMi
xi = mole fraction of species i 
Mi = molecular weight of species i
The mixture specific heats are also calcualated using the ideal gas relationship.
Cpi = molar specific heat of species i
To calculate mixture viscosity and thermal conductivity, the formulas given by 
Mathur, et al. (1967) was employed.
ki = molar thermal conductivity of the gas 
pi = molar absolute viscosity of the gas
The molar specific heats were obtained from the thermodynamic data supplied in 
the CHEMKIN computer package (Kee, et al., 1980). They are 5th order fits in absolute 
temperature. Molar thermal conductivity and viscosity were obtained as outputs from the 
transport program TRANFIT (Kee, et al., 1983) as 4th order fits of absolute temperature.
(An-9)
k = 0.5 X x& +
1
(All-10)
p = 0.5 X xjP; + 1
(AII-11)
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The mole fractions xj change considerably as the bead moves from near the burner 
to the post flame region. However, the mixture properties change very little. This was 
demonstrated by calculating the gas temperature at each point in each flame twice, once 
using mole fraction values from the reactant stream, and once using the final mole frac­
tions. The temperature differences resulting from this were on the order of 1 K, with the 
highest being in Flame 5 at 4 K. The reported temperatures are an average of the two 
calculations.
The emissivity constants used were those given by Jang (1984): 
e = 0.16 Platinum wire
es = 1.0 flame stabilization screen
Ew = 0*95 Pyrex walls of combustion chamber
The other constants used are listed below: 
eb = 0.95 
TW = 415K
Tb = average of water inlet and outlet temperatures + 35 K 
Ts = average of two thermocouples imbedded in the top scren 
zt = 3.6 cm 
rs = 11.8 cm 
rb = 7.5 cm
d = 0.02 cm Flames 1,2, and 3
d = 0.0272 cm Flame 4 and first 11 points in 5
d = 0.02095 cm remainder of Flame 5 
The typical difference between the measured bead temperature and the calculated 
gas temperature was 50 - 90 K.
Jang conducted a sensitivity analysis on the gas temperature calculation proce­
dure. However, his routine and that of Senser did not include the third term in the paren­
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theses in equation AII-1. The addition of this term that models the radiation heat loss to 
the burner is the only new modification to the procedure. A sensitivity analysis on this 
term shows that a drop in burner temperature from 400 K to 300 K produces a change in 
the calculated gas temperature of less than 1 K.
An external corroboration of a model is always desirable and one can be per­
formed for this gas temperature calculation scheme. It is merely necessary to use a series 
of thermocouple beads of progressively smaller sizes, and extrapolate the gas temperature 
as the bead temperature of a zero diameter bead. While this is simple in theory, in prac­
tice it is very difficult to implement. However, comparative measurements were taken in 
Flame 5 with two different size thermocouple beads.
A comparison of the calculated gas temperatures was made and is shown in Table
AII-I.
Table AII-I Gas Temperatures from Differing Bead Sizes
______ bead size_____________ x_________________ s___________________n_______
0.0272 cm 0.64 K 32 K 11
0.0210 cm 0,005 K 6.9 K 22
Here, x is the average deviation of the measured data from a fitted curve. The 
curve is a 3rd order polynomial in height above the burner. It was constructed using only 
the data from the smaller thermocouple. The standard deviation of the deviation from the 
fitted surved is designated by s, and n is the number of observations.
It is clear that there is essentially no systematic disagreement between the calcu­
lated gas temperatures for the two different bead sizes, as 0.64 K is insignificant at these 
temperatures. This indicates that the temperature correction algorithm, in spite of its sev­
eral assumptions, predicts the actual gas temperature quite accurately. The high standard
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deviation for the larger bead indicates that there is considerably more scatter in the data 
for that bead.
Measured and calculated temperature data are given in Tables AII-II through AH- 
VI. The columns are: measured bead temperature, height above the burner, gas temper­
ature calculated using the initial mole fractions. The next column is the average of the 
temperatures calculated using the initial and final mole fractions. Also provided is the 
disatnce between the bead temperature and the calculated gas temperature. The last col­
umn provides the thermocouple bead diameter. The data are arranged in the order in 
which they were collected within each flame.
Table AII-II Temperature Data
Measured
Bead
Temperature
Height
Above
Burner
Initial 
Mole Fraction 
Temperature
Flame 1
Final 
Mole Fraction 
Temperature
Average
Gas
Temperature
Temperature
Difference
Bead
Diameter
1472 (C) 0.919 (cm) 1809.12 (K) 1810.16 (K) 1809.64 (K) 64.64 (K) 0.02 (cm)
1510.5 0.467 1852.36 1853.42 1852.89 69.39 0.02
1544 0.214 1890.16 1891.23 1890.69 73.69 0.02
1558.5 0.134 1906.57 1907.64 1907.11 75.61 0.02
1529.5 0.086 1873.79 1874.86 1874.32 71.82 0.02
1425.5 0.048 1757.30 1758.32 1757.81 59.31 0.02
POu>o
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Table AII-IH Temperature Data
Flame 2
Measured
Bead
Temperature
Height
Above
Burner
Initial 
Mole Fraction 
Temperature
Final 
Mole Fraction 
Temperature
Average
Gas
Temperature
Temperature
Difference
Bead
Diameter
1439(C) 0.631 (cm) 1771.76 (K) 1772.95 (K) 1772.36 (K) 60.36 (K) 0.02 (cm)
1460 0.408 1795.19 1796.39 1795.79 62.79 0.02
1485.5 0.276 1823.71 1824.95 1824.33 65.83 0.02
1530.5 0.15 1874.27 1875.52 1874.89 71.39 0.02
1514.5 0.112 1856.26 1857.50 1856.88 69.38 0.02
1502 0.092 1842.22 1843.45 1842.84 67.84 0.02
1437.5 0.065 1770.14 1771.33 1770.73 60.23 0.02
Table AII-IV Temperature Data
Flame 3
Measured
Bead
Temperature
Height
Above
Burner
Initial 
Mole Fraction 
Temperature
Final 
Mole Fraction 
Temperature
Average
Gas
Temperature
Temperature
Difference
Bead
Diameter
1420 (C) 0.555 (cm) 1751.61 (K) 1752.26 (K) 1751.93 (K) 58.93 (K) 0.02 (cm)
1445 0.219 1779.51 1780.15 1779.83 61.83 0.02
1448.5 0.187 1783.42 1784.07 1783.74 62.24 0.02
1446.5 0.126 1781.19 1781.84 1781.51 62.01 0.02
1440 0.11 1773.94 1774.58 1774.26 61.26 0.02
1392.5 0.069 1721.10 1721.75 1721.42 55.92 0.02
1356 0.059 1680.73 1681.36 1681.04 52.04 0.02
1302.5 0.043 1621.88 1622.50 1622.19 46.69 0.02
ro
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Bead
Tempera1
1390(C)
1416
1466
1480
1491
1389
1415
1434
1529
1493
1483
Table AII-V Temperature Data
Height
Above
Burner
Initial 
Mole Fraction 
Temperature
Flame 4
Final 
Mole Fraction 
Temperature
Average
Gas
Temperature
Temperature
Difference
0.383 (cm) 1735.55 (K) 1734.42 (K) 1734.99 (K) 71.99 (K)
0.26 1765.30 1764.05 1764.68 75.68
0.145 1822.85 1821.36 1822.10 83.10
0.111 1839.05 1837.48 1838.27 85.27
0.076 1851.81 1850.18 1850.99 86.99
0.396 1734.41 1733.29 1733.85 71.85
0.268 1764.15 1762.91 1763.53 75.53
0.195 1785.97 1784.63 1785.30 78.30
0.129 1869.05 1894.21 1881.63 79.63
0.089 1854.13 1852.49 1853.31 87.31
0.067 1842.53 1840.94 1841.74 85.74
l
Table AH-VI Temperature Data
Flame 5
Measured
Bead
Temperature
Height
Above
Burner
Initial 
Mole Fraction 
Temperature
Final 
Mole Fraction 
Temperature
Average
Gas
Temperature
Temperature
Difference
Bead
Diameter
1505 (C) 0.362 (cm) 1872.49 (K) 1876.59 (K) 1874.54 (K) 96.54 (K) 0.0272 (cm)
1537 0.257 1910.11 1914.41 1912.26 102.26 0.0272
1513 0.161 1881.89 1886.04 1883.96 97.96 0.0272
1470 0.106 1831.62 1835.52 1833.57 90.57 0.0272
1433 0.08 1788.67 1792.36 1790.52 84.52 0.0272
1383 0.049 1731.07 1734.48 1732.78 76.78 0.0272
1400 0.061 1750.60 1754.10 1752.35 79.35 0.0272
1437 0.109 1793.30 1797.01 1795.16 85.16 0.0272
1484 0.16 1847.94 1851.93 1849.93 92.93 0.0272
1516.5 0.226 1885.99 1890.17 1888.08 98.58 0.0272
1515 0.357 1884.22 1888.38 1886.30 98.30 0.0272
1527 0.745 1876.67 1880.00 1878.33 78.33 0.021
roco•P*
Bead
Tempera'
1542 (C)
1557
1551
1563
1568
1556
1509
1451
1387
1435
1515
1558
Table All-VI Temperature Data (cont.)
Flame 5
Height
Above
Burner
Initial 
Mole Fraction 
Temperature
Final 
Mole Fraction 
Temperature
Average
Gas
Temperature
Temperature
Difference
0.584 (cm) 1893.77 (K) 1897.17 (K) 1895.47(K) 80.47 (K)
0.435 1910.91 1914.39 1912.65 82.65
0.48 1904.05 1907.50 1905.77 81.77
0.36 1917.78 1921.29 1919.53 83.53
0.257 1923.51 1927.04 1925.28 84.28
0 .2 1909.79 1913.26 1911.52 82.52
0.146 1856.26 1859.50 1857.88 75.88
0.098 1790.71 1793.68 1792.19 68.19
0.068 1718.99 1721.68 1720.34 60.34
0.095 1772.72 1775.62 1774.17 66.17
0.16 1863.07 1866.34 1864.71 76.71
0.224 1912.07 1915.55 1913.81 82.81
Bead
Tempera)
1565 (C)
1560
1565
1568
1554
1514
1458
1393
1463
1520
1562
1565
1561
Table AH-VI Temperature Data (com.)
Flame 5
Height
Above
Burner
Initial 
Mole Fraction 
Temperature
Final 
Mole Fraction 
Temperature
Average
Gas
Temperature
Temperature
Difference
0.302 (cm) 1920.07 (K) 1923.59 (K) 1921.83 (K) 83.83 (K)
0.394 1914.35 1917.84 1916.09 83.09
0.301 1920.07 1923.59 1921.83 83.83
0.237 1923.51 1927.05 1925.28 84.28
0.193 1907.50 1910.96 1909.23 82.23
0.147 1861.94 1865.20 1863.57 76.57
0.093 1798.59 1801.59 1800.09 69.09
0.064 1725.69 1728.41 1727.05 61.05
0.106 1804.23 1807.25 1805.74 69.74
0.147 1868.76 1872.05 1870.40 77.40
0 .222 1916.65 1920.15 1918.40 83.40
0.271 1920.08 1923.59 1921.84 83.84
0.369 1915.49 1918.99 1917.24 83,24
APPENDIX m  TRANSPORT PARAMETERS
To calculate the molecular transport properties needed for net reaction rate calcu­
lations and temperature correction calculations, the TRANFIT computer program was 
used (Kee, et al., 1983). This Appendix describes the molecular parameters needed for 
input to TRANFIT.
Four parameters are needed for each species to calculate the binary diffusion co­
efficients (Dij). These are the two Lennard-Jones parameters (e/k and a), the electric 
dipole moment (p.), and the polarizability (a). The molecule shape is not needed for these 
calculations.
Dipole moments were obtained from Weast, et al. (1985), Dean (1985), and Mc­
Clellan (1963). Polarizabilities came from Weast, et al. (1985). If p. is > 0, a  is set to 
zero, since it is not needed in the calculations for Dij. Tetrachloroethylene was the only 
compound for which no polarizability value was found. It was calculated to be 12.1 
by using the procedure given in Hirschfelder, et al. (1966).
Lennard-Jones parameters come from a variety of sources. Many were given in 
the transport data base provided by Kee, et al. (1983). Values for HC1 and the chlorinated 
methanes come from Monchik and Mason (1961). Values for C2 CI4  and 1,1,1,2 
C2 H2 CI4  come from the correlations provided by Svehla (1962), using critical point and 
boiling point data. Critical values were estimated with the Lyderson correlation given in 
Snell and Hilton (1966), using physical property data provided in Snell and Hilton 
(1966a). No data were available for the 1,1,1,2 isomer, so values from the 1,1,2,2 isomer 
were used.
Several Lennard-Jones parameters were calculated using second virial coefficient 
data given in Dymond and Smith (1980). The Lennard Jones potential was integrated for 
each temperature with varying values of e/k to obtain a. A number of these isotherms
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were generated and plotted. This plot was evaluated for the best e/k, a  pair. This is sim­
ilar to the method given by Prausnitz, et al. (1986). Finally, some compounds had no 
data of any type on which to base Lennard Jones parameters, so parameters from their 
isomers were used for the transport data base, shown in Table AHI-1.
The rotational relaxation number (zrot) is not used in the calculation of diffusion 
coefficients. However, it does enter into the calculation of thermal conductivity. This 
was needed for the gas temperature calculations detailed in Appendix I.
The rotational relaxation number was obtained for all compounds except HC1 and 
the CHCs from Kee, et al. (1983). For HC1, the value was obtained from Chang, et al. 
(1987). However, no data could be found for the CHCs. It was only necessary to have 
the value of zrot for CC14, but it was decided to obtain it for CH2 CI2  as well.
A sensitivity study was performed to determine how critical the selection of the 
"right" value for zrot was to obtain a reasonable value for the thermal conductivity k. In­
put values for zrot ranged from 1 to 40, The study showed that for CH2 O 2 * the change 
in thermal conductivity was negligible (less than 1%). For CCI4 , the spread was 6% of 
the mean at 2000 K, and less than that at 1000 and 300 K. It was decided that this differ­
ence (±3%) was negligible, so the value of zrot giving k closest to its mean value was se­
lected. The zrot giving a value of k closest to its mean was 6  for both CH2 CI2  and CCI4 . 
These values were used with TRANFIT to obtain the thermal conductivity and viscosity 
used in the temperature correction calculations.
Species Shape
Table AIH-I Transport Data B ase
c p ab source0
H2  1 38.0 2.920 0 0.800 280.0 1,3
02  1 107.4 3.458 0 1.581 3.8 1,3
N2  1 97.5 3.621 0 1.740 4.0 1,3
CO 1 98.1 3.650 0.112 0 1.8 1,2
CO2  1 244.0 3.763 0 2.911 2.1 1,3
H2O 2 572.4 2.605 1.844 0 4.0 1
HC1 1 360.0 3.305 1.080 0 4.0 2 ,4 ,5
CH4  2 141.4 3.746 0 2.593 13.0 1,3
C2H2  1 209.0 4.1 0 3.630 2.5 1,3
3 Units: e/k is in K, p, is in Dcbeyes, a  is in A, and a  is in A 
b If (i > 0, a = 0 because the use of a  in TRANFIT is limited to non-polar molecules. 
0 Sources listed at the end of the Table.
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Table AIII-I Transport Data Base (cont.)
Species Shape e/ka a  ji a b zrot sourcec
C2 H4  2 280.8 3.971 0 4.252 1.5 1,3
C2 H6 2 252.3 4.302 0 4.450 1.5 1,3
CH3 CI 2 355.0 4.151 1.870 0 - 3,5
CH2 CI2  2  398.0 4.748 1.570 0  6 .0  5, 1 2
CHCI3 2 327.0 5.430 1.013 0 - 5
CCI4  2 327.0 5.881 0 10.85 6.0 2 ,3 ,5 ,12
C2 H3CI 2 230 6.114 1.45 0 - 3 ,6
U C 2 H2 CI2  2 200 8.936 1.34 0 - 3 ,9
l,2C2H2Cl2d 2 200 8.936 0.70 0 - 2 ,6
3 Units: e/k is in K, (I is in Debeyes, a  is in A, and a  is in A 
b If p. > 0, a  = 0 because the use of a  in TRANFIT is limited to non-polar molecules. 
c Sources listed at the end of the Table. 
d Transport data listed are for the trans form of this isomer.
ro
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Table AIII-I Transport Data Base (cont.)
Species Shape e/ka a  (a a b zrot source0
C2HCI3 2 200 10.594 0.9 0 - 2,6
C2 CI4  2  464.2 5.554 0  12.1 - 7 ,8 ,10
C2H5CI 2 225 6.994 2.05 0 - 3, 6
U C 2H4 CI2  2 220 8.502 2.06 0 - 3,6
1.2 C2H4 CI2  2  265 7.692 1.20 0  - 2 , 6
1.1.2 C2 H3CI3 2 260 8.428 1.42 0 - 8,9
1.1.1.2 C2H2 CI4  2 493.6 5 1.2 0 - 8,11
aUnits: e/k is in K, p. is in Debeyes, a  is in A, and a  is in A 
b If p. > 0, a  = 0 because the use of a  in TRANFIT is limited to non-polar molecules. 
c Sources listed at the end of the Table.
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Sources:
1) Kee, etal. (1983)
2) Dean (1985)
3) Weast, etal. (1985)
4) Chang, et al. (1987)
5) Monchik and Mason (1961)
6) Lennard-Jones parameters calculated from second virial coefficient data of 
Dymond and Smith (1980) by integrating the Lennard Jones potential func­
tion.
7) Polarizability calculated according to the Hirschfelder, et al. (1966)
8) McClellan (1963)
9) Lennard-Jones parameters obtained from isomer data
10) Lennard-Jones parameters calculated using the methods of Svehla (1962)
11) Lennard-Jones parameters calculated using the methods of Svehla on isomer 
physical constant data.
12) Zrot of 6 .0  was determined to give the mean value for thermal conductivity 
after a sensitivity study on zrot vs. k. For CCI4 , k has a range of ± 3% for 
any zrot between 1 and 40. For CH2 CI2 , the spread is less than 1%.
APPENDIX IV NET REACTION RATE ANALYSIS FOR FLAME 4
The net reaction rate analysis of Flame 4 was problematic. The mole fraction 
measurements seemed unreasonably low for CCI4  in this flame. The first data point 
above the burner revealed less than 10% of the original CCI4  in the reactant flow was still 
present. It was assumed that diffusion accounted for this drop in mole fraction. After the 
mass flux fraction of CCI4  was calculated, it was obvious that diffusion did not account 
for enough of the loss. This is shown in Figure AIV-1. The value of the inlet mass frac­
tion is shown in the left edge. This represents the value where the mass flux fraction pro­
file should initiate. Instead, it begins at approximately 20% of that value. The slope of 
this profile is proportional to the net reaction rate. It can be seen that, (ignoring the inlet 
mass fraction) there is a nearly horizontal section next to the burner, which is a preheat 
region where virtually no CCI4  decomposition is taking place. This is followed by a 
downward sloping section where decomposition occurs. The slope then levels off to zero 
after the CCI4  is consumed. It can be seen that a large amount of destruction would have 
had to occur in a very short distance to account for the 80% of the CCI4  destroyed be­
tween the inlet and the first data point. Indeed, this could not have occurred in the gas- 
phase combustion zone.
The CCI4  loss probably lies in one of two directions. Miller (1988) has suggested 
that catalytic reactions involving CCI4  may be occurring at the burner surface. This sug­
gestion seems plausible. The flame was stabilized at a position quite close to the burner. 
The other possibility is flame-probe interaction, which is discussed next.
Rothschild, et al. (1986) present a detailed discussion of probe-induced irregularities for 
samples taken with uncooled quartz microprobes in flat flames. One dominant negative 
effect the probes have on the flames is that they do not sample isokinetically. Therefore, 
they pull in gas from a region around the probe tip. At a point sufficiently removed from
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the burner, the probes will pull sample from approximately two probe orifice diameters 
upstream from the tip (Milne and Green, 1965).
Rothschild, et al. (1986) show by sampling an atmospheric pressure flame with 
probes of different orifice diameters that, as the burner surface is approached, the probe 
starts drawing sample from a region downstream of the tip. This leads to the collection of 
larger amounts of compounds that peak near the luminous zone. For Flame 4, the effect 
of this flame-probe interaction is evidenced in a different fashion. Here, the measured 
CC14 mole fraction will be less than the actual amount because material from downstream 
of the probe tip is being sampled.
It is likely that a combination of these two effects is occurring. Both can be re­
duced by positioning the flame front further from the burner. This is accomplished by 
raising the mass flux of the reactant mixture so that cold flow velocity moves closer to the 
flame propagation velocity. This will reduce the amount of heat loss to the burner neces­
sary to stabilize the flame, thus positioning the flame further away from the burner. The 
further the flame is positioned away from the burner, however, the less stable it becomes. 
The use of a probe with a smaller orifice diameter may help to solve the problem as well..
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Figure AIV-1 Mass flux fraction profile of CQ4 in Flame 4
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